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ABSTRACT 
A field experiment was conducted to evaluate the possi-
bility of using shallow reservoirs containing aquatic plants 
to reduce excess nutrient levels of agricultural drainage 
effluent from organic soils. The reservoir systems con-
sisted of three small reservoirs in series, containing 
separate stands of Eichhornia crassipes, Egeria densa and 
Typha sp., and a single large reservoir containing equal 
areas of all three aquatic plants. A control reservoir 
without plants was included. Drainage water from organic 
soils was pumped through each reservoir at 39.6 1/sec., 6 
hours per day, 6 days per week. The major nutrients moni-
tored in these flow-through systems included nitrate- N, 
ammonium-N, total-N, ortho-P (soluble reactive phosphorus) 
and total-P. Temperature, pH, alkalinity, dissolved oxygen, 
carbon dioxide and turbidity were also monitored at the 
inflow and outflow of each reservoir system. Standing crop 
measurements and plant tissue analysis for nitrogen and 
phosphorus were conducted every 21 days. 
When a single large reservoir was used, effluent 
nitrate-N, ammonium-N, ortho-P and total-P concentrations 
decreased by 65%, 57.9% 70.3% and 51% respectively, while 
organic-N concentrations increased by 7.2%. In the a serles 
of small reservoirs the concentration of nutrients decreased 
by 80%, 73%, 33%, 74%, and 70% for nitrate-N, ammonium-N 
organic-N, ortho-P and total-P respectively. The dissolved 
oxygen increased and turbidity was reduced in both reservoir 
systems. The bicarbonate and carbonate equilibrium in the 
series of reservoirs and control reservoir shifted to the 
carbonate side as carbon dioxide was reduced. The carbon 
dioxide in the large reservoir remained at the same u ncen-
tration throughout the study. 
The standing crop in both reservolr systems was similar 
with an average of 11.6 mt/ha grown in R-1 and 11.2 mt/ha 
grown in the series of reservoirs. The nitrogen retained 
during the study was 1017 kg/ha and 750 kg/ha in the series 
and the large reservoir respectively. Phosphorus retained 
in the series was 249 kg/ha while the large reservoir 
retained 211 kg/ha of phosphorus. 
The series of reservoirs was more effective ln reducing 
the nutrient levels of the drainage effluent than the large 
single reservoir. The results obtained from this study 
indicated that reservoirs in series can be used to reduce 
excess nutrient levels of agricultural drainage waters. 
However, further studies are necessary to increase the 
efficiency of the system and to accelerate plant removal. 
The physical, chemical, and biological processes involved ln 
removal of the nitrogen and phosphate should be optimized i n 
future applications. 
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INTRODUCTION 
The exponential growth of the human population and the 
byproducts produced by modern technological development have 
accelerated the pollution of our environment. The addition 
of large quantities of inorganic nutrients, particularly 
nitrogen (N) and phosphate (P) to lakes and streams has been 
one of the most widespread types of pollution. This artifi-
cial increase of nutrients has greatly accelerated the 
natural process of eutrophication in some lakes. 
The major source of N and P has been the primary and 
secondary waste water treatment plant effluents. The N and 
P from nonpoint sources such as agricultural effluent also 
has contributed heavily to the nutrient loading of many 
drainage basins. This excess nutrient loading has caused 
much damage to fresh water systems. For example, lakes and 
rlvers have been choked with water weeds so they are no 
longer navigable and commercial and public fishing has often 
been eliminated when algal blooms have caused fish kills by 
toxin release or by oxygen depletion. 
The overall destruction of recreational areas and the 
ecological imbalance imposed on fresh water systems have 
recently directed public and scientific interests to the 
problems of eutrophication and the solutions employed to 
2 
handle nutrient overloads. The techniques used for lake 
restoration include the following two major categories: 
l) the limitation of fertility and sedimentation and 2) the 
management of the consequences of lake aging (e.g., sedimen-
tation, nuisance vegetation, dissolved oxygen depletion, and 
deterioration of fisheries). Two principal approaches have 
been suggested for limiting fertility and controlling sedi-
mentation. One consisted of curbing inputs by collecting, 
diverting and treating pollution flow. The other consisted 
of 11 in-lake" schemes to accelerate nutrient outflows or 
prevent nutrient recycling (Boyter and Wanielista 1972). 
The approach presented here was to limit fertility by treat-
lng pollution flows to remove 1- and P from consolidated 
agricultural effluent drained from organic soils. 
The objective of this research was two fold: first to 
explore the potential of aquatic plants in shallow reser-
volrs as a _possible instrument for lake restoration and 
water quality management, and second to determine if shallow 
reservoirs connected in series containing selected aquatic 
macrophytes are more effective as a nutrient sink than a 
single reservoir containing the same aquatic plants. This 
concept was evaluated by monitoring the nutrient levels for 
N and P in inflowing and outflowing agricultural drainage 
water and by comparing nutrient concentrations and produc-
tion of the aquatic anglosperms in two flow-through reser-
volr systems. 
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The use of aquatic plants as an in-lake method to 
remove nutrients, particularly Nand P, has been explored by 
various authors. One study involved the use of algae as a 
nutrient sink for N and P. Neel et al. (1961) showed that 
90% of the total N in ponds was removed by the algae present, 
and studies by Rigler (1956) indicated that algae could 
reduce the soluble p· by 50% in some lakes. Although these 
studies indicated that nutrients can be removed by the 
algae, the problem of high turnover rates still was not 
eliminated. For example, soluble P was shown to be recycled 
into the water column of a lake in 3.7 days (Rigler 1956). 
Cropping experiments have also been attempted to improve the 
technique of nutrient removal by algae (Fitzgerald 1969; 
Dugdale and Dugdale 1965). A relatively high nutrient 
reduction was achieved by this method; however, filtering 
equipment to harvest algae is expensive and somewhat inade-
quate for in-lake applications. 
The use of aquatic macrophytes as a nutrient sink for 
in-lake restoration ha5 also been evaluated. Brezonik and 
Lee (1968) indicated that 454 kg of plant material accounted 
for 1.3% of the total-N removed from Lake Mendota. Aquatic 
plant material used in other attempts to remove nutrients 
from lake systems accounted for only 20% to 25% of the 
ammonium-N and nitrate-N removed (Dunigan et al. 1975; Lance 
1972; Yount and Crossman 1970). The value of water 
4 
hyacinths for P removal has been reported in some instances 
to be negligible for in-lake management (Dunigan et al. 
1975). 
The potential for nutrient removal by aquatic macro-
phytes in systems other than lakes, i.e. sewage treatment 
polishing ponds, has been studied and more favorable resul t s 
were obtained. Steward (1970), postulated that water hya-
cinths, with a theoretical productivity of 67 tons o f dry 
matter per acre per year in subtropical Florida, could 
effectively remove the yearly contribution of nitrogen ln 
waste water from 595 people per acre per year. Water hya-
cinths grown in sewage treatment plant polishing ponds 
reduced ammonium- N by 25%, nitrate-N by 9% and soluble 
phosphorus by 66 % (Cornwell et al. 1977). Soluble phos-
phorus was reduced by 14 % in sewage effluent in a f i ve week 
study using water hyacinths (Ornes and Sutton 1975). Scar s-
brook and Davis (1971) using five vascular species fo r 
nutrient removal showed that water hyacinths had t h e great-
est potential of the five to reduce nutrients in sewage 
effluent. Most of these studies used a single a quatic pla nt 
species, water hyacinths, for nutrient removal f rom waste 
water. Boyd (l969b) suggested that the efficiency o f the se 
pond systems for waste water treatment might be i mprove d by 
using a combination of two or three reservoirs connected ln 
series containing selected aquatic plants. 
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The forms and sources of N and P in aquatic systems are 
varied and undergo numerous reactions. Nitrogen occurs 1n 
fresh water as organic nitrogen (i.e. amino acids, am1nes 
and proteins), ammonium (NH4 +) nitrate (N0 3-), and nitrite 
(N0 2-). Sources of nitrogen include: a) precipitation, 
b) nitrogen fixation, and c) inputs from surface and ground 
water originating as municipal, industrial and agricultural 
effluents. Losses of nitrogen occur by: a) effluent out-
flow from a basin, b) by reduction of nitrate-N to 
molecular-N CN 2 ) during bacterial denitrification, and 
c) plant assimilation (Fig. 1) (Porter 1975). 
Precipitation and fallout from atmospheric sources has 
generally been considered to be a minor source of N to lakes 
(Wetzel 1975). However the atmospheric sources of N from 
precipitation and fallout are highly variable and are re-
lated to the meteorological conditions and locations of 
water bodies with respect to technological development and 
pollution sources. Nitrogen may enter a lake from the 
atmosphere in the forms of molecular-N, ammonium- N, dis-
solved organic nitrogen (DON) and particulate organic nitro-
gen (PON). 
The ability of plants to assimilate these various forms 
of nitrogen varies with species. The dissolved molecular 
nitrogen is accessible only to certain blue-green algae and 
bacteria. Both groups of organisms oxidize nitrogen gas 
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Figure 1. The fate of nitrogen for agricultural waste in an aquatic 
system. 
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into organlc molecules ln a process called . nitrogen 
fixation. 
The major ammonium-N contributions to the aquatic 
environment are through discharge of effluents from agricul-
tural, municipal and industrial sources, and mineralization 
of organic N. In an aquatic environment ammonium ions 
present ln the water exist in equilibrium with the aqueous 
ammonla (NH 3 ), which in turn exists in equilibrium with 
gaseous (NH 3 ). The equilibrium reaction is shown by the 
following equations: 
The above reactions are dependent upon the pH of the system. 
An alkaline pH favors the presence of the aqueous form of 
NH 3 while acidic or neutral pH favors the presence of the 
ionic form (Stratton 1969). 
Nitrification is the biological convers1on of 
ammonium-N (reduced state) to nitrate-N (oxidized state) 
The nitrate-1~ produced by this reaction may be assimilated 
by algae and larger hydrophytes. Under anoxlc conditions 
many faculative aerobic bacteria in the water and sediment 
can also utilize nitrate-N as the terminal electron acceptor 
during the oxidation of organic substances. The reduction 
8 
of nitrate-N in biological metabolism lS the process called 
denitrification. The general sequence of denitrification is 
N0 3 7 N0 2 7 N20 7 N2 
This reaction can result in a significant reduction of 
nitrate-N from the aquatic system (Wetzel 1975). Nitrifica-
tion and denitrification can occur simultaneously and are 
dependent upon changes in oxygen concentrations, p H, and 
available energy sources. 
Total organic N is made up of two components, particu-
late organic nitrogen (PON) and dissolved organic nitrogen 
(DON). Over one-half of the DON is in the form of amino 
nitrogen compounds, of which about two-thirds are in the 
form of polypeptides and complex organic compounds and less 
than one-third occurs as free amino nitrogen. The PON lS 
contained in the plankton and seston which make up the biota 
of the water (Wetzel 1975). The majority of DON and the PO N 
enters an aquatic system via runoff. However, algae and 
aquatic plants excrete soluble polypeptides and similar 
nitrogenous compounds (Vallentyne 1975). Organic compounds 
are also solubilized in the aquatic environment when plants 
decay (Wetzel and Manny 1972). The DON and PO N are not 
readily available for assimilation by aquatic plants and the 
major reduction of organic N in this form is due to ammoni-
fication (Wetzel 1975). 
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In contrast to the rich natural supply of the nutri-
tional and structural components that make up the biosphere 
(oxygen, carbon, hydrogen, and nitrogen), Pis the least 
abundant and is often the limiting factor in biological 
productivity (Delwich 1970). The rate of biological produc-
tivity in aquatic systems is governed by the rate of P 
cycling in relation to the input loading of P from external 
sources (Fig. 2). In general, the quantities of P entering 
an aquatic system Vla surface and subsurface drainage are 
related to the amount of available P in the soils, topog-
raphy, vegetative cover, rainfall, amount of runoff and the 
land use patterns. 
The total phosphorus (total-P) content of water con-
sists mainly of suspended particulate matter or refractory 
compounds which are not accessible to the biota and the 
soluble reactive portion or labile compounds which are 
easily assimilated by the biota. The particulate P incl~des 
the P in nucleic acids, enzymes, vitamins, and nucleotides 
or organisms and the P adsorbed onto clays, carbonates and 
ferric hydroxides. The soluble reactive portion or inor-
ganic P is composed of orthophosphates (ortho-P) and poly-
phosphates of low molecular weight. The polyphosphates 
hydrolyze at a slow rate in aqueous solution and are con-
verted to the ortho form. The rate of reversion is increas-
ed with increasing temperature and/or lowered pH. 
1 
2 
3 
4 
5 
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Figure 2. The fate of phosphate for agricultural waste in an aquatic 
system. 
ll 
In order to evaluate the P cycle, several investigators 
have added radioactive orthophosphorus to lakes (Hutchinson 
and Bowen 1950; Rigler 1956; Hayes et al. 1952; Chamberlain 
1968; Confer 1972). The studies clearly indicated that 
ortho-P was rapidly assimilated by the phytoplankton and 
littoral vegetation. It was also observed that dissolved P 
was released slowly from the algae into the water column. 
The studies indicated that movement of .the P after initial 
uptake by the biota was to the sediment vi~ settling and 
adsorption onto clay and inorganic material. The sediment 
was considered to be a P sink in most cases; however P 
release to the overlying water column can occur if the P 
concentration of the interstitial water exceeds that of the 
overlying water, or if anaerobic conditions exist in the 
sediments (Wetzel 1975). 
Exchange of P across the sediment-water interface is 
regulated by mechanisms associated with mineral-water equi-
librium; adsorption and desorption, redox potential, pH, 
chemical precipitation, and the status of the organic P and 
chemical fractions in the sediment (Wetzel 1975). The 
removal or adsorption of P from solution under acidic condi-
tions is related to the presence of amorphous oxides and 
hydrous oxides of iron and aluminum. Under alkaline soil 
conditions adsorption of P with calcium carbonate results ln 
the formation of calcium phosphate (Sawhney and Hill 1975). 
12 
At low redox potential the release of ortho-P, 1ron, and 
manganese into the overlying water was increased markedly 
(Mortimer 1941; 1942). With the reduction of ferric hydrox-
ides and ferric iron, the adsorbed ortho-P was released and 
appeared in the water. Oxygenation of the sediment reversed 
the adsorption process and decreased the P concentration in 
solution. 
The organic compounds of P in the sediment originate 
from decaying plant and animal material and microbial syn-
thesis from inorganic P compounds. The organic P in the 
sediments lS not readily available for assimilation by the 
biota and lS broken down by mineralization and subsequently 
released by desorption and dissolution reactions. 
Some of the advantages of a flow-t0rough, lake restora-
tion technique using selected aquatic macrophytes include: 
a) It expedites restoration of the homeostatic capacity of 
the sediments; b) It may reduce phytoplankton productivity 
not only by removing nutrients but by not reducing flushing 
rates that are inherent in the containment facilities; and 
c) It employs resource recovery which reduces total cost 
through sale of the plant material harvested. 
MATERIALS AND METHODS 
Description of Study Area 
The area chosen for study lS located on the north end 
of Lake Apopka 3.6 miles south of the city of Zellwood ln 
District Two of Orange County, Florida. This area lS part 
of a muck farming district of 7,300 ha (Fig. 3). The soils 
of this area are of the everglades series and have been 
formed chiefly from the remains of sawgrass and other 
sedges. The virgin soils typically are covered with water 
for several months of the year and have a large amount of 
N but are low in other essential nutrients for plant growth. 
Water remains on or near the surface of the soil during 
most of the year unless it is removed through artificial 
drainage. If the soils are dry the organic material lS 
rapidly oxidized and subsidence occurs (Terry 1980). This 
area, once a lake bottom, was reclaimed by constructing 
dikes, drainage canals and ditches. The drainage in this 
area is now controlled by the farming industry. The soil 
lS flooded for cover and irrigation. 
The drainage water monitored was agricultural effluent 
from the organic soils and is one of the many sources of 
pollution to Lake Apopka, a 12,000 ha lake located south of 
the muck farming district. The lake is highly eutrophic and 
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lS choked with nuisance blue green algae (Pollman et al. 
1980). 
The experimental ponds were located at the University 
of Florida's 9.3 ha branch farm on a shallow phase of ever-
glades muck peat. The thickness of the organic soil at the 
site ranged from 20 em to 60 em and is underlaid by 25 em of 
calcarious r.ock and unconsolidated calcarious marl (United 
States Department of Agriculture 1960). 
Description of the Reservoirs 
The species of macrophytes selected for this study 
included Eichhornia crassipes, Egeria densa, and Typha sp. 
They were chosen because of their ability to produce a large 
standing crop, their ability to accumulate large quantities 
of mineral nutrients (i.e. N and P) and their ease of har-
vest (Boyd 1969a; Fitzgerald 1969). By taking advantage of 
these properties one could increase the nutrient retention 
in the holding ponds. These qualities were taken into 
consideration in the design of the retention ponds. 
By taking advantage of the biological properties of 
these plants a suitable retention system could be designed. 
A dense stand of E. crassipes (free-floating) was estab-
lished to produce anaerobic conditions which should enhance 
additional nitrogen reduction through denitrification. The 
effluent from this pond would, however, be low in dissolved 
oxygen (DO) and have a high biological oxygen demand. 
INF
LO
W 
NU
TR
IEN
T 
UP
TA
KE
 
DE
NI
TR
IFI
CA
TI
ON
 
EIC
HH
OR
NI
A 
CR
AS
SIP
ES
 
OX
YG
EN
AT
ION
 
t:
~f
 
EG
ER
IA
 D
EN
SA
 
FIL
TR
AT
IO
N 
OU
TF
LO
W 
-=~~ 
i-1
 ~t~
t-~
-
JY
PH
A 
_
s.E
_ 
Fi
gu
re
 4
. 
Th
e 
pr
oc
es
se
s 
in
vo
lv
ed
 i
n 
n
u
tr
ie
n
t 
re
m
o
v
a
l 
fr
om
 a
g
ri
cu
lt
u
ra
l 
e
ff
lu
en
ts
 i
n 
th
e 
r
e
s
e
r
v
o
ir
 s
ys
te
m
s.
 
I-
' 
C
J)
 
17 
Therefore the dumping of effluent from this system into a 
lake or aquatic environment could be pernicious to the 
environment. A successive plant stand was established 1n a 
manner that would replenish oxygen without expensive mechan-
ical equipment and increase the efficiency of the system as 
a nutrient sink. The second plant stand was the submergent 
E. densa. This species has a high photosynthetic carbon 
dioxide fixation rate and oxygen production rate. E. densa 
has also been shown to assimilate critical concentrations of 
all essential elements for plant growth from the water and 
the sediment except for chlorine and copper (Gerloff 1973; 
Bristown and Whitcombe 1971; Carignan and Kalff 1980). A 
third plant stand containing the emergent Typha sp. was 
established to remove nutrients from the sediments. Nutri-
ent removal from the sediment by the Typha sp. could create 
a gradient from the water to the sediment and thus increase 
the adsorption of nutrients by the sediment (Fig. 4). 
Five flow-through reservoirs were constructed with two 
meter high levees of organic soils and with bottoms composed 
of calcarious rock and Everglades peat. The first of the 
five reservoirs was designated R-1 and was a square of 61 m 
per side with a surface area of 3721 square meters. This 
reservolr was partitioned into three equal areas by two 
chevron shaped chicken-wire fences. Each section contained 
a different plant species: E. crass1pes, E. densa, and 
18 
Typha sp. Agricultural drainage water was pumped diagonally 
through the plant stands at a rate of 39.6 1/sec (Fig. 5). 
Four additional flow-through reservoirs were con-
structed, each a square of 33 m length and with a surface 
area of 1240 square meters. These four small reservoirs 
were designated R-2, R-3, R-4 and R-5. Reservoirs R-2, 
R-3, and R-4 were connected in series by flumes and con-
tained E. crassipes, E. densa and Typha sp., respectively. 
Agricultural drainage water was pumped diagonally through 
these reservoirs at a rate of 39.6 1/sec. Reservoir R-5 
was constructed as a control and contained no aquatic macro-
phytes. Agricultural drainage water was pumped diagonally 
through R-5 at a rate of 13.2 1/sec. Table (1) presents a 
summary of the sizes, volumes and pumping rates of the five 
reservolrs used in the study. 
Soil profiles, before plants were stocked, for organlc 
nitrogen in the upper 15.2 em of the soil in the 5 reser-
volrs are presented in Table (2). The four small reservoirs 
(R-2, R-3, R-4, and R-5) had more organlc nitrogen_in the 
top 3.8 em portion of the column than did the large 
reservolr. 
Sampling Design for Water Analysis 
Water samples were collected twice weekly at five 
sampling stations for 14 months. Untreated drainage water 
was collected from the south ditch and the center ditch. 
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Table 1. The volume, sizes and pumping rates of the reservoirs for the 
14 month study period. 
Surface Weekly 
Reservoir Area Depth Volumne Pumping Pumping Vol. ·l:-;': 
2 3 3 1/sec 3 m m m m /hr m 
R-1 3721 1.0 3721 142.6 39.6 5132.2 
R-2 1240 1.0 1240 
R-3 1240 1.0 1240 142. 6•'• 39. 6 ,., 5132. 2•'• 
R-4 1240 1.0 1240 
R-5 1240 1.0 1240 47.5 13.2 1710.7 
•':The calculated volumes and pumping rates are the totals for the 
reservoirs in series. 
~'d:The weekly volumes were based on six hours pumping per day six days 
a week. 
Table 2. The total organic nitrogen of the sediment ip the reservoir 
systems before macrophyte introduction. 
Depth Location 
em R-1 R-2 R-3 R-4 R-5 
mg/cm 3 mg/cm 3 mg/cm 3 mg/cm 3 mg/cm 3 
0.0- 3.8 5.49 14.18 13.57 10.96 9.72 
3. 8-· 7.6 3.19 2.50 4.45 1.76 1.85 
7.6-11.4 2.79 1.35 1.99 1.33 1.19 
11.4-15.2 2.74 0.91 0.64 0.62 0.75 
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Treated drainage water was collected from the outflows of 
the large reservoir, the series of reservoirs and the con-
trol (Fig. 5). The pumps were maintained six hours per day 
six days per week. Water samples were transported directly 
to the laboratory and analyzed. The water samples were 
refrigerated at 10° C if they were stored for 24 hours and 
chemically treated if stored for longer periods (Environmen-
tal Protection Agency 1974). 
Chemical and Physical Measurements 
Total Kjeldahl nitrogen (TKN) was measured by a modi-
fied mlcro digestion procedure described by Jirke, et al. 
(1976). After digestion, the TKN was measured potentiomet-
rically with an Orian selective ion electrode for ammonia, 
(Environmental Protection Agency 1974). Ammonium-N was also 
measured potentiometrically with an Orian selective 1on 
electrode. Nitrate-N was measured by the Bruc~ne method 
(Environmental Protection Agency 1974). 
Total-P was measured by the persulfate digestion pro-
cedure and read by the ammonium molybdate and antimony 
potassium tartrate colorimetric method. Ortho-P was mea-
sured directly by the ammonium molybdate and antimony potas-
sium tartrate colorimetric method (Environmental Protection 
Agency 1974). 
Dissolved oxygen (DO) concentrations and temperature 
were measured twice weekly in the water at a depth of 0.5 m 
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at outflow and ditch stations with a YSI model 57 DO meter 
and a YSI model 5739 DO and temperature probe. The meter 
was standardized against the Winkler method (Environmental 
Protection Agency 1974). 
Specific conductance was measured twice weekly with a 
YSI model 33 conductivity meter at a depth of 0.5 m below 
the surface at each sampling station. 
Total, carbonate, and bicarbonate alkalinity were 
measured on site and were determined by colorimetric titra-
tion (American Public Health Association 1965). 
All colorimetric measurements were made with a Bausch 
and Lomb Spectronic 88 spectrophotometer at prescribed 
wavelengths (Environmental Protection Agency 1974). 
Sampling Design for Plant Analysis 
Four stations in each plant stand of the ponds were 
randomly selected at 28 day intervals from a gr~d map. All 
the plant material in each station was collected from a 
2 0.25 m quadrat. The plant material in each quadrat was 
identified to genus and a composite of each group was made. 
Composite samples were dried in a controlled greenhouse at 
approximately 40° C for 48 to 96 hr, oven dried at 100° C 
for 24 hr, and ground using a #40 mesh screen in a Wiley 
Mill (Allenby 1968). Standing crop was calculated as dry wt 
. 2 ln grams per m . 
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Nutrient Analysis of the Plant Tissue 
The total-N and total-P content of the ground plant 
matter was determined by the methods of Schuman et al. 
(1973), Gallaher et al. (1976) and Jackson (1958). Tissue 
analysis was based on dry weight. 
Plant Harvesting 
Periodic harvests of water hyacinths and cattails were 
conducted to enhance rapid growth of plant material and to 
remove nutrients (ie. N & P) which would have been recycled 
to the system. The harvests were conducted by hand and 50 
to 75% of the two plant species covering the surface of the 
reservoirs were removed. The area containing the plant 
material to be harvested was determined subjectively by slze 
and healthy appearance. Harvested cattails and water hya-
cinths were usually large healthy plants and those that 
appeared to be brown or yellow in color. The .purpose of 
this harvest method . was to leave enough young healthy plants 
in the reservoirs to rapidly replace the harvested plant 
material. Only the above ground portion of the cattail was 
removed. 
The harvest times were based upon the effectiveness of 
the reservoirs as a nutrient sink and the production of the 
biomass measured. If the nutrient reduction at the outflow 
was less than 50% or the production fell below that of the 
prevlous 28 day sampling period a harvest was considered. A 
24 
harvest was conducted after the first hard freeze regardless 
of the nutrient retention or production measurements. 
Statistical Methods 
The drainage water samples were taken bi-weekly and 
measurements were then compiled on a monthly basis. Since 
the samples were taken from fixed sampling stations (Fig. 
6), the criteria for random sampling were violated. The 
variability created from external sources such as rain 
events, flooding from adjacent farm land, fertilization 
practices and the inherent effects in the biological treat-
ments need to be blocked out. In order to meet the objec-
tives of the experiment and to lower the variances a random-
ized block design was used to compare the means of the 
untreated drainage analyzed and treated drainage water 
analyzed. The number of blocks was the number of samples 
taken during the month and two treatments per b lock 
(untreated and treated drainage water). 
The test procedure for the paired difference test was 
as follows: 
H . ud = ul - u2 = 0 0 
H ud > 0 0 
TS: T a = 
sdl~ 
R.R. for df = n - 1, reject if t > t • 0 5 
RESULTS AND DISCUSSION 
Primary Nutrients 
Total Organic Nitrogen 
The organic N concentrations for untreated agricultural 
drainage wat~r had a maximum monthly average of 6.25 mg/1 
and were never b~low 1.0 mg/1. The maximum concentrations 
of organic N for untreated drainage inflow during July and 
August 1977 had a peak value of 2.53 mg/1; during May, June, 
July and August of 1978 they had a peak value of 7.48 mg/1; 
and during December and January of 1977-78 they had a peak 
value of 4.60 mg/1 (Fig. 6). The maximum concentration of 
organic N measured for the untreated drainage water was 
associated with rain events that occurred during the same 
period. 
The organlc N concentrations for treated drainage 
ranged from 0.96 mg/1 to 6.52 mg/1. The concentrations for 
treated drainage w~ter during periods of low rainfall inten-
sities were greater than untreated drainage concentrations 
(Fig. 6). The increased values of total organic N measured 
in the untreated water from R-1 were probably the result of 
plant decay and excreted nitrogenous compounds because 
values were high during winter months when decay of plant 
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Figure 6. Rainfall and total-N concentrations in the reservoir systems. 
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material, including the aquatic plants ln the drainage 
canals, was maximal and rainfall was lowest. These data 
were consistent with the speculations of Vallentyne (1975), 
Manny (1972) and Wetzel and Manny (1972). 
The release of DON and PON from these sources which may 
be utilized by the biota of the lake, is relatively slow and 
the cycles of the dissolved and biota-bound PON are often 
overlooked as a major source of pollution. Concentrations 
of PON and DON generally follow the dynamics of the biomass 
of the plankton in most aquatic systems, and autochthonous 
sources of organic N influence the biota and trophic status 
of a lake (Wetzel 1975). 
The DON and PON are not readily available for assimila-
tion by aquatic plants and the major reduction of organic N 
was due to ammonification. 
The series of reservoirs reduced the organ1c 1 by 33.1 % 
and the control reduced organic N by 8.2 %. The large reser-
voir, however, increased the organic N components by 7.2 %. 
The monthly averages for inflow and outflow of organic- N 
concentrations did not differ significantly at t h e 0. 0 5 
level during December and September of 1977 and March of 
1978 and in the control during July, September and ·~ovember 
of 1977 and March of 1978. The variability of the measure-
ments was high with concentrations ranging from l mg/l to 
7 mg/1 (Fig. 6). This variance was probably the result of 
28 
raln events, plant decomposition, fertilization practices in 
the area and the differences in organic material contained 
in the reservoirs at the start of the experiment. 
Ammonium Nitrogen 
Ammonium-N concentrations of drainage water did not 
exceed 1. 5 mg/1 at inflow stations and were· no less than 
0.01 mg/1 for treated drainage water during the 14 month 
period of study (Fig. 7). Maximum concentrations for un-
treated drainage water occurred during July, August, and 
September of 1977, with a peak value of 1.1 mg/1 at both 
untreated drainage water sampling stations. The peak 
ammonium-N concentration of 1.1 mg/1 was also observed in 
July and August of 1978, at untreated drainage water sam-
pling stations. Maximum concentrations for untreated drain-
age were also observed during the months of November, Decem-
ber, and January of 1977-78 (Fig. 7). The max±mum concen-
trations measured for both winter and summer months ln 
untreated drainage water coincided with rain events that 
occurred during these time periods. Treated drainage water 
measurements were low throughout the study in all reser-
voirs, with concentrations ranglng from 0.01 to 0.04 mg/1. 
However, during the months of. May, June and July of 1978 
ammonium-N concentrations for treated drainage from R-1 and 
the serles of reservoirs were greater than those measured 
for untreated drainage water. The outflow concentration 
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during May was 0.97 mg/1 while untreated drainage concentra-
tions measured 0.31 mg/1. The source of the organic matter 
was probably due to dead plant material deposited during 
winter die back. 
The loss of ammonium-N ln the reservolrs differed, with 
73.7% removed by the serles of reservoirs, 57.9% removed by 
the large reservoir, and 75.5 % removed by the control. The 
amount of ammonium ion that can be assimilated by plant 
material may be minimal because of the toxicity of ammonlum 
hydroxide, the formation of which is a function of pH (Trus-
sell 1972). However, there lS considerable evidence that 
ammonlum lS the preferred form for plankton assimilation, 
slnce it lS already at the reduction level of organic nitro-
gen. Organisms using nitrate as their nitrogen source must 
reduce it to the level of ammonia before incorporating it 
into organlc forms (Allen and Kramer 1972). 
Ammonium-N was reduced by 20% to 25% under experimental 
conditions using water hyacinths grown in clay pots (Dunigan 
et al. 1975). Similar results were demonstrated in field 
studies when 20% of the ammonium-N was removed by water 
hyacinths in a 10 month study of waste water in polishing 
ponds (Cornwell et al. 1977). These results and the results 
obtained in this study indicated that ammonium- N in the 
reservoir systems was reduced not only by plant assimilation 
but by environmental factors which affect the N cycle and 
nutrient exchange. 
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The distribution of ammonium-N ln the reservoirs varied 
seasonally and in relationship to the extent of organic 
matter from allochthonous and autochthonous sources. 
Ammonium-N tends to accumulate when organic matter enters 
the reservoirs and this accumulation is accelerated under 
anoxlc conditions. If anaerobic conditions were established 
in the water column under the water hyacinths in R-1 and 
R-2, ammonium-N concentrations should have been high. This 
is especially true at the sediment-water interface in which 
ammonium-N would be released from the sediments under anae-
robic conditions (Trussell 1972). As the drainage water 
flowed through the remaining two plant stands in the reser-
volrs, the ammonium-N concentrations should have been 
affected by biochemical and chemical reactions. The drain-
age water was oxygenated by the E. densa stands. The oxygen 
produced would allow the following oxidation reaction to 
proceed: 
The overall nitrification reaction requlres two moles 
of oxygen for the oxidation of each mole of ammonium- N, and 
lS controlled by dissolved oxygen concentrations Cat least 
0.3 mg/1) inorganic carbon, pH and the temperature of the 
drainage water (Beckman 1972). Ammonium-N concentrations 
decreased in columns of drainage water overlying sediments 
from the reservoirs under aerobic conditions (Reddy et al. 
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1980). The conditions that existed ln the reservoirs (high 
concentrations of dissolved oxygen, an inorganic carbon 
source, a neutral pH and a mean water temperature of 23° C) 
were such that nitrification could proceed and if nitrifica-
tion took place at a high rate it would be expected that a 
drop in dissolved oxygen for the treated drainage water 
would occur. Dissolved oxygen levels did not decrease in 
the control or the series of reservolrs. However dissolved 
oxygen concentrations in R-1 were measured and found at 
times to be lower in the treated drainage than untreated 
drainage. Nitrification rates may have been high enough ln 
R-1 to utilize the oxygen produced by photosynthetic activ-
ity of the flora present in the reservoir. The oxygen 
produced by the plant species in the serles of reservoirs 
and the control may have been enough that nitrification did 
not deplete this oxygen source by any appreciable amount. 
It was difficult to determine the extent of ammonium- N by 
nitrification without further studies but it was assumed to 
be an integral part of the processes involved ln ammonium- N 
reduction in the reservoirs under study. 
The reservoirs in series and the control reservolr were 
both slightly alkaline with pH in the outflow ranging from 
7.7 to 8.3 and 7.9 to 8.7 respectively. This alkaline 
condition would shift the ammonium equilibrium to favor the 
formation of the gaseous {H 3 resulting in a loss of 
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ammonium-N Vla volatilization (Stratton 1969). The pH of 
the treated and untreaTed drainage in R-1 was close to 
neutral, ranging from 6.8 to 7.7 in the outflow, and could 
have resulted in less ammonium-N liberated by the gaseous 
form in this reservoir. No direct measurements of ammonium 
volatilization were made in this study; however, Stratton 
(1969) observed a 5.8% reduction by volatilization of 
ammonium-N in lakes. Ammonium-N may have also been assimi-
lated by algae but the majority of ammonium- N is adsorbed to 
particulate and colloidal inorganic particles (Keeney 1973). 
The adsorption process lS especially prevalent under alka- · 
line conditions and in waters containing high concentrations 
of humic dissolved organic matter. The particles settle on 
the bottom and are adsorbed to the sediments. Ammonium- N 
can then be oxidized by nitrifying bacteria in the intersti-
tial zone or diffuse into the water when mixing occurs. The 
extent of oxidation of ammonium-N in the surface sediments 
and the adsorption properties of the sediments for 
ammonium-N was not measured in this study, but may have been 
as important as volatilization and nitrification in t h e 
water column of the reservoirs in reducing ammonium- N 
concentrations of drainage water. 
The mean yearly reduction of 73.7% by the serles of 
reservolrs, 57.9% reduction by R-1 and 75.5% reduction by 
the control were not significant at the 0.05 level. Only 
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four of the 14 monthly averages for treated and untreated 
drainage water were significantly different in the control 
and the series of reservoirs. Six of the 14 monthly inflow 
and outflow averages for the large reservolr were signifi-
cantly different at the 0.05 level (Fig. 7). The varlance 
that was encountered in the field flow measurements probably 
reduced the differences between inflow and outflow. The 
high variance was associated with rain events, fertilizer 
practices in the area, and possibly the conditions of the 
reservoirs at the start of the experiment (i.e. soil high ln 
organic nitrogen) (Table 2). Regardless of the varlance 
encountered, the ammonium- N concentrations decreased in the 
drainage water after treatment. 
Nitrate Nitrogen 
Maximum peak concentrations of nitrate- N were observed 
during January, February, and March of 1978 when values of 
1.88 mg/1 were measured in the untreated drainage water for 
the series of reservoirs and 2.76 mg/1 in untreated drainage 
water for R-1. Other peak concentrations of nitrate- N 
observed for untreated drainage water occurred during July 
and August of 1977 (Fig. 8). The winter and summer peak 
concentrations of drainage water coincided with the raln 
events which may have leached nitrate-N from the adjacent 
farm fields. The concentrations of nitrate- N for the 
treated drainage water from each reservoir were low, ranging 
' tj') E 
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Figure 8. Rainfall and nitrate-N concentrations in the reservoir 
systems. 
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from 0.01 mg/1 to 1.0 mg/1. The lowest values of nitrate-N 
for treated drainage water were measured during the summer, 
with an average concentration of 0.05 mg/1. The average 
winter concentration for treated drainage water was 0.20 
mg/1. The difference in average concentrations for summer 
and winter from treated drainage water for both reservoir 
treatments was probably the result of slow assimilation by 
aquatic plants and lower activity of denitrifiers during the 
winter season. 
Nitrate-N was reduced in all reservoirs, including the 
control throughout the 14 month period. The smaller reser-
voirs in series functioned most efficiently with an average 
removal of 80.2% nitrate-N. The large reservolr removed 
65.6% of the nitrate-N and the control reservoir removed 
74.6% of the nitrate-N. 
The DO concentration in the water column beneath E. 
crassipes was less than 1 mg/1 which favored conditions for 
dentrification. The activity by the denitrifiers and other 
microbes in the sediment-water interface as well as the 
assimilation by the hyacinths may explain the large propor-
tion (61%) of nitrate-N removed in R-2. Allowing the water 
to flow through the remaining reservoirs (R-3 and R-4) 
reduced the nitrate-N concentrations by an additional 22 %, 
through denitrification and plant assimilation. The latter 
two reservoirs increased the DO in the drainage water to 
values ranging from 6 mg/1 to 12 mg/1. 
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The chemical reactions that took place in the plant 
stands in the series of reservoirs should have also occurred 
in R-1, with similar results. However R-1 was less effec-
tive in the removal of nitrate- N (65.6% reduction) than the 
serles of reservoirs (82.0% reduction). The hyacinth stand 
in R-1 probably created anaerobic conditions as in R-2 
which increased denitrification in both the water column and 
the sediment-water interface. As the drainage water passed 
through the stands of E. densa and Typha sp., nitrate- N 
concentrations probably increased, thus reducing the overall 
nitrate-N reduction from this reservoir. The increase in 
nitrate-N that may have occurred in the E. densa and Typha 
stands of R-1 was probably the result of the increa$ed 
ammonium-N produced from decomposition of plant material 
left in the reservoir prior to this study and from runoff. 
The reduction of nitrate-N in the control reservoir was 
probably the result of denitrification ln the sediment-water 
interface and uptake by algae and aquatic plants. Denitri-
ficatiop in the water column was probably minimal slnce 
anaerobic conditions were not established in this reservolr 
as in the water column under the hyacinth stands. 
The process of denitrification is the reduction of 
nitrate-N to gaseous end products such as N20, NH3 , and 2· 
There are three basic requirements necessary for dentrifica-
tion to proceed in the lentic environment : an organlc 
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carbon source, a dissolved oxygen concentration of less than 
0.5 mg/1 and a pH near neutrality (Reeves 1972). These 
conditions existed in the sediment-water interface in the 
reservoir systems and especially for those sediments under 
water hyacinth stands (Reddy et al. 1980). 
Denitrification may also occur in the water column of 
lakes when the proper conditions are present. An 11.1% 
reduction of nitrate-N by denitrification took place ln the 
hypolimnion of Lake Mendota (Brezonik and Lee 1968). The 
critical condition in the water column necessary for the 
reduction of nitrate-N was anoxia, in which dissolved oxygen 
concentrations were below 1.0 mg/1. The anoxic condition 
established in Lake Mendota was the result of summer strati-
fication, and respiration in the deep water zone. Deep 
water conditions and stratification did not exist in the 
reservoirs; however, low DO concentrations (1 mg/1) were 
established in the water column under the hyacinths. 
A reduction of nitrate-N by 6.0% and 8.4% was attri-
buted to macrophytes in lakes and sewage treatment plants 
respectively (Dunigan et al. 1975; Cornwell et al. 1977). 
The high nitrate-N reductions measured in the reservoir 
systems in this study, when compared to removal of nitrate- N 
by aquatic plants in these studies indicated that denitrifi-
cation and assimilation by other biota may have been 
actively involved in the nitrate-N removal. 
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Removal of nitrate-N by algae 1s also important, but 
was not studied in this project. Neel et al. (1961) demon-
strated a 90% removal of N in pond studies via algal asslml-
lation. In studies with domestic waste water effluents, a 
98% reduction of the total inorganic N took place also using 
algae (Gates and Brochardt 1964). 
The catabolism of the littoral flora, including the 
vascular macrophytes was a dominate source of organic N to 
the water and sediment. Bacterial metabolism in the sedi-
ment can significantly influence the flux of N from the 
water to sediments and v1ce versa. Release of N from sedi-
ments also varies greatly with sediment composition. For 
example, release of N from sediments of the Rybinsk Reser-
volr was greatest in silts high in organic matter. Much 
loss occurred ln the form of N2 produced during anaerobic 
decomposition of sediment organ1c matter (~unznestov 1968). 
The process of denitrification in the sediment and nitrogen 
flux between sediment and water was not measured but may 
have accounted for the large reduction of nitrate- N observed 
1n the reservoirs. 
Monthly averages for inflow and outflow differed slg-
nificantly at the 0.05 level (Fig. 8). The var1ance that 
was encountered in the field study may have resulted 1n 
small differences between the treated and untreated drainage 
water. This variance was related to rain events and other 
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uncontrollable variables. Regardless of the varlance, the 
nitrate-N concentrations decreased in the drainage water 
after treatment. 
Total Phosphorus 
Phosphorus values for untreated drainage water ranged 
from 0.2 mg/1 to 1.69 mg/1. Maximum concentrations for 
total-P were observed during the months of peak rainfall. 
Two exceptions were o.bserved in which total P concentrations 
of untreated drainage water were lower than that of treated 
drainage water. The first exception took place in August of 
1978 where the source for R-1 was contaminated by lake water 
from nearby Lake Apopka. Lake water was used to flood farm 
land located adjacent to the drainage ditch containing the 
untreated drainage water. Run-off and seepage from the 
flooded fields occurred at the pumping station for R-1 and 
may have diluted the total-P concentrations during this 
period. The second deviation took place during the month of 
February of 1978, when high rainfall was not accompanied by 
an increase in the total-P for the untreated drainage water 
(Fig. 9). 
The annual mean reduction for total-P was calculated to 
be 70.8% in the serles of reservoirs, 51.0% for the large 
reservoir and 33.3% in the control reservoir. These results 
indicated that R-1 was not as efficient in the removal of 
the total-P as the series of reservoirs. 
41 
TOTAL- PHOSPHATE 
·-· INFLOW R- I 2 . o- - - -o 0 U T F L 0 W 
I ~·-·-·-./~\·-·-·-· ~~~·~A~ , ... o- 1'\._ - -!J- - - -<:>-- .... ,...__ -0- - -:r---.  ,. .... . 0 - -~- ""'0----.,--- ---"" ... ""'CC 'o 
* * * * * * * •• •• ":!': 
........ ~ R-2 to R-4 
E 
___ e 
~': ~': 
R-5 
I . ~.--·---·~.,.._.;7~ -·-· _...;---:;:..o 0 ""0----o----o- • ~- -o---o--=-=-·-·--· --.c' . 
~': ~'~ ~': ~': -;': 
RAINFALL 
20 
~10 
0------~~~--~----~~----~----~L-----~---F M A M 
1978 
J A J J A S 0 N D J 
1977 
*Indicates significance at the 0.05 level. 
Figure 9. Rainfall and total-P concentrations in the reservoir systems. 
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The reduction of the total-P observed in the reservoirs 
was probably the result of adsorption of ortho-P in the 
sediment, precipitation by calcium carbonate and assimila-
tion by aquatic plants. 
The reduction of the total-P was highly significant at 
the 0.05 level with 10 of the 14 calculated 'T' test values 
indicating a significant decrease of total-P in the series 
of reservoirs. Eight out of the 14 monthly mean values 
measured for treated and untreated drainage water from R-1 
were significantly different at the 0.05 level and five of 
the 14 calculated mean values indicated a significant de-
crease at the 0.05 level of total-P by the control reservoir 
(Fig. 9). 
Orthophosphate 
The ortho-P never exceeded a mean value of 1.0 mg/1 1n 
' the three reservoirs monitored for the 14 month period. 
Untreated drainage water measurements ranged from 0.01 mg/1 
to 0.09 mg/1. These levels exceeded the 0.01 to 0.03 mg/1 
range believed to be sufficient to produce several algal 
blooms (Porter 1975). The inflow concentrations of ortho-P 
were greatest during the months of highest rainfall, with 
maximum values occurrlng during July, August, and September 
of 1977, June, July, and August of 1978 and again in Novem-
ber, December, and January of 1977-78. There were two 
months in which maximum ortho-P concentrations did not 
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coincide with maxlmum rainfall values. The first exception 
took place ln August of 1978 in which the source for R-1 
(untreated drainage water) was contaminated by water from 
nearby Lake Apopka. Lake water was used to flood farm land 
located adjacent to the drainage ditch containing the un-
treated drainage water. Run off and seepage from the 
flooded fields occurred at the pumping station for R-1 and 
may have diluted the ortho-P concentration during this 
period. The second deviation took place during February of 
1978, where high rainfall was not accompanied by an increase 
in ortho-P for the untreated drainage water (Fig. 10). 
Substantial reduction of ortho-P concentrations were 
observed in all reservoir treatments during the 14 month 
study. The series of reservoirs reduced ortho-P by a yearly 
mean of 74.3%, while the large reservoir reduced ortho-P by 
a mean value of 70.3%. The control reservoir, however, 
reduced ortho-P by only 32.9%. 
The potential of the plant material to remove ortho-P 
from the effluent would depend upon the retention time of 
the effluent, the concentration of the nutrient, the assimi-
lative capacity and the productivity of the plant species. 
Water hyacinths in particular have been reported to have a 
great potential for removing nutrients from waste water 
polishing ponds because of a high productivity rate (Steward 
1970). Data collected by other investigators has been both 
E 
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1n conflict with and supportive of this concept (Cornwell 
et al. 1977; Ornes and Sutton 1975; and Dunigan et al. 
1975). 
Rooted and submergent aquatic plants are not as effec-
tive in removing ortho-P from water as free-floating plants 
(Steward 1970). However, these rooted species may be impor-
tant in remov1ng the P tied up in the sediments via the root 
system. Studies conducted with E. densa concluded that 74 % 
of the ortho-P contained in shoots was absorbed from the 
rooted portion of the plant and not the ambient medium 
(Bristow and Whitcombe 1971). Chara, rooted in polishing 
ponds containing treated waste water, reduced ortho-P 
concentrations by 78% (Ryther et al. 1977). The cattails ln 
the reservoirs, with their extensive root system can contain 
up to 42% of the total-P making up the plant (Davis 1978). 
The fate of P contain~d in the draina~e water other 
than assimilated by the biota was precipitation, adsorption, 
desorption or dissolution. The adsorption of P from solu-
tion under acidic conditions lS related to the presence of 
amorphous oxides and hydrous oxides of iron and aluminum. 
Under alkaline soil conditions adsorption of inorganic P is 
by calcium carbonate. Adsorption via this route may have 
occurred in the reservoirs since the sediments were composed 
of calcarious rock and unconsolidated marl (Wetzel 1975). 
.4 6 
Precipitation reactions of P with calcium carbonate may 
have also taken place in the reservoirs. Carbon dioxide ln 
the drainage water hydrates at a pH of less than eight, 
forming carbonic acid. The carbonic acid that is formed 
solubilizes the limestone of the calcium enriched rock 
underlying the reservoirs forming calcium carbonate which 
precipitates phosphate as calcium phosphate. Calcium car-
bonate is also formed when carbon dioxide is removed from 
the drainage water by photosynthetic metabolism (Wetzel 
1975). These precipitation reactions may have caused P 
removal in the reservoirs since carbon dioxide was reduced 
by 84% in the series of reservoirs, 22.6% in the large 
reservoir and 98.3% in the control. One final means of P 
removal in the soil solution is the reaction with silicate 
minerals (Sawhney and Hill 1975). The fate of the P not 
removed by adsorption or precipitation was · the assimilation 
by algae, aquatic macrophytes and other biota. 
One approach to distinguish the movement of P in the 
reservoirs is to divide the flux into three distinct com-
partments similar to those described by Hutchinsen and Bowen 
(1950), Rigler (1956), Hayes et al. (1952), Chamberlain 
(1968) and Confer (1972). The compartment theory would 
divide the reservoirs into a) the open water organisms, 
mainly algae, b) the littoral organisms, mainly rooted 
macrophytes and epiphytes and c) the sediment. The shallow 
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reservolr units with the extensive macrophyte material 
exemplify the littoral region of most lakes. Therefore the 
movement of P is confined mainly to this littoral zone and 
sediments. 
An important result of the tracer studies conducted by 
the above authors was the initial rapid loss of tracer from 
the open water. Each study followed the movement of P from 
the open water zone to the littoral region with a turnover 
rate from 0.1 to 4 days, depending upon the physical and 
biological conditions. The initial rapid loss of P in each 
study was attributed to the planktonic and epiphytic algae, 
which were not analyzed in this study. The net movement of 
P from this point was not clear; in one case the sediments 
were viewed as a continual source of P while the littoral 
region was viewed as a dead end trap for P (Confer, 1972). 
Most of these tracer studies were undertaken ln lakes which 
stratified during the summer. This resulted ln limited 
mixing of the epilimnion with the hypolimnion and sediments. 
The reservoirs on the other hand were mixed by inflowing 
effluent. No stratification or deep hypolimnion existed and 
interactions with sediments may have played a major role ln 
nutrient abatement as well as uptake by plant material. 
Although algal measurements were not undertaken in this 
field study, the possibility existed that the initial flux 
of P in the reservoirs was also reduced by the algae. Upon 
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death algal cells release P which will be absorbed by the 
sediments or removed by the macrophytes and other algae. A 
direct relationship of P concentration to algae growth was 
shown by Srinath and Pillae (1972) who studied the relation-
ship of algal populations in waste water effluents. Rigler 
(1956) showed a P reduction of 50% in 3.7 days for tracer 
experiments conducted on Toussaint Lake. This reduction was 
also attributed to the algae present. These reduction rates 
by algae and the deposition into sediments may have also 
been involved ln the high rates of P removal observed ln the 
reservolrs. 
The overall reduction of ortho-P in the reservoirs was 
due to a combination of chemical and biological reactions as 
well as algal and angiosperm removal. The reduction of 
ortho-P that occurred in the series of reservolrs was highly 
significant (p<0.05) for the averaged mont~ly values. Ten 
of the 14 calculated values measured for treated drainage 
water and untreated drainage water were significantly differ-
ent for the series of reservoirs. Eleven of the monthly 
mean values for ortho-P were significantly different between 
the inflow and the outflow, while the control had only five 
mean values that were significantly different (Fig. 10). 
Overview: Primary Nutrients 
The major nutrient fractions (ie. nitrate-N, 
arnrnonium-N, organic-N, ortho-P and total-P) of the 
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agricultural drainage water from the organlc soils were 
closely associated with the agricultural practices, rainfall 
and biochemical reactions in the organic soil. For example 
the increased nitrate-N concentration of the drainage water 
during winter months ~oincided with fertilization practices 
conducted during this period and increased rain events which 
probably resulted in leaching of nitrogen. During the 
summer months when the soils were kept fallow by flooding, 
nitrate-N concentrations were generally low in the untreated 
drainage water. Under the fallow conditions, the initial 
nitrate-N was probably denitrified and ammonium-N accumu-
lated in the soil. During winter months, fertilizer appli-
cations and death of plant material (i.e., Eichhornia, 
Typha, Hydrocotile and various grasses) in the drainage 
canals probably increased the ammonium-N accumulated during 
the flooding of the fields and leached in~o the drainage 
canals during heavy rain events. Ortho-P concentrations of 
the drainage water was also correlated with rain events. 
During the summer, high ortho-P concentrations were probably 
a result of leaching from flooded organic soils. Ortho-P 
concentrations pulsed during the summer when the Eichhornia 
in the main drainage canals was killed by herbicide applica-
tions. During the winter months, soluble P increased due to 
l) plant decay in the canals as a result of freezing and 
2) fertilizer application for winter vegetable crops (Reddy 
et al. 1980). 
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Use of aquatic plants ln the reservoirs created envl-
ronments which differed ln their physical and chemical 
makeup. Presence of E. crassipes, in the reservoirs de-
creased the DO concentration of the water column, thus 
creating an anaerobic environment. The E. densa replenished 
the oxygen in the system. The presence of Typha in the 
reservolrs functioned as an additional nutrient sink by 
depleting the interstitial nutrient concentration of the 
underlying sediments. The E. crassipes and E. densa in the 
reservolrs prevented the extensive growth of algal popula-
tions. The control reservoir initially with no cultivated 
aquatic plants became infested by Chara and other algae 
which functioned as nutrient sinks for the drainage water 
flowing through this system. 
The use of a series of reservoirs containing separate 
stands of aquatic plants functioned more effectively in the 
remova~ of the various fractions of N and P from agricul-
tural drainage water, compared to a single large reservolr 
(Table 3). By treating the agricultural drainage water from 
organic soils using these reservoir systems, nutrient load-
lng into Lake Apopka can be reduced by at least 70 to 80% 
for the inorganic fractions of N and P ln the series of 
reservoirs and 60 to 70% for the single large reservolr. 
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Table 3. Efficiency of the reservoir systems evaluated as a nutrient 
sink, expressed as percent reduction/increase in 
concentration.~·~ 
Percent Reduction/Increase in Concentration 
Reservoir 
System 
Series of 
reservoirs 
Large 
reservoir 
Control 
reservoir 
NO -N 3 
80.2 
65.6 
74.6 
NH - N 4 
73.7 
57.9 
75.5 
Organic-N 
33.1 74.3 
- 7.2 70.3 
8.2 32.9 
*Percent reduction/increase in concentration = (I - 0/I)* 100 
where: 
I = inflow concentration of the drainage water . 
0 = outflow concentration of the drainage water 
TP 
70.8 
51.0 
33.2 
Positive sign indicates the reduction in the nutrient content and nega-
tive sign indicates the increase in the nutrient content of the drain-
age water. 
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Secondary Nutrients and Physical Parameters 
Dissolved Oxygen 
Oxygen concentrations ln R-5 and the series of reser-
volrs for treated drainage water were greater than twice 
those observed for the untreated drainage water throughout 
the 14 month period. Maximum mean outflow concentrations 
for R-4 and R-5 were observed during winter months. Reser-
voir R-5 attained a maximum concentration of 14.7 mg 0 211 in 
treated drainage water, while R-4 attained a maxlmum concen-
tration of 12.5 mg 0 211. Both of these values were observed 
during the month of February 1978 (Fig. 11). The DO concen-
trations in R-1 did not respond in this manner. The only 
period that DO concentrations of treated drainage water 
exceeded untreated drainage water by any appreciable amount 
was during December 1977 and January 1978 (Fig. 11). Maxi-
mum DO concentrations for treated drainage water in R-1 
were observed in December, January, and February with mean 
concentrations of 7.47, 7.95, and 7.80 mg/1 respectively. 
The control reservoir increased oxygen levels as effec-
tively as the series. This was probably the result of 
photosynthetic activity of the algal blooms that were ob -
served and the submergent algae Chara that contaminated this 
reservoir. 
Photosynthetic activity of macrophytes along with 
epiphytic algae generate large amounts of oxygen. Luxuriant 
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system. 
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stands of E. densa have increased DO concentrations to 
greater than 9.0 mg/l (Buscemi 1958). The E. densa was 
utilized in an effort to increase the oxygen concentration 
of the effluent after treatment with water hyacinths. 
Even though similar aquatic plant species were used ln 
both reservoir systems and production was greater in R-1, 
the DO concentration was greater in the series of reser-
volrs. This may have been a result of decayed organlc 
material present in this reservoir at the start of this 
experiment. 
The increased dissolved oxygen of treated drainage 
water in the series of reservoirs during the 14 month period 
was significant at the 0.05 level. Thirteen calculated t 
values indicated that the change (increase) in dissolved 
oxygen concentrations for treated drainage was significantly 
different from the untreated drainage. The only month that 
dissolved oxygen did not increase in the treated drainage 
from the series of reservoirs was during April 1978 which 
was a period of lower productivity for E. densa. The in-
crease in dissolved oxygen concentration in the treated 
drainage water from R-1 was significant only twice, and 
occurred during December and January (Fig. ll) ·. However, 
the solubility of oxygen would be greatest during these 
months because it is inversely related to temperature 
(Wetzel 1975). 
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The 1ncrease ln dissolved oxygen observed in treated 
drainage from the control reservoir was also significant, 1n 
12 of the paired t tests (Fig. 11). The increase of DO in 
this reservoir was probably the result of the photosynthetic 
production of oxygen by algae observed growing at the start 
of the experiment and later by the submergent plants that 
contaminated this reservoir. 
Specific Conductance, pH, Carbon Dioxide, Bicarbonates, and 
Carbonates 
Measurements were made of specific conductance (EC), 
pH, carbon dioxide, bicarbonate and carbonate concentration 
of untreated drainage water. During the summer the EC for 
untreated drainage reached a max1mum mean value of 552 ~mhos 
in R-1 and 595 ~mhos in the series of reservoirs. These 
maximum values corresponded to peak rainfall. During winter 
when rainfall was heavy, the EC values for untreated drain-
age water were at a m1n1mum with 336 ~mhos measured in the 
untreated drainage from the center ditch. The EC values did 
not increase 1n response to rain events during the winter as 
was observed 1n the summer (Figures 12 through 14). This 
seasonal difference in EC values observed for untreated 
drainage may have been due to farming practices conducted 1n 
the area. For example, during March through May the farm 
lands were being cultivated, planted with corn, fertilized 
and sprayed with various insecticides and fungicides. After 
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the harvest ln June the soils were flooded with water from 
nearby Lake Apopka. The flooded conditions were maintained 
through August. During late August and September the fields 
were dried and cultivated for winter crops of carrots, 
various lettuces, radishes and other leafy plants. In 
February and March the fields were prepared for the annual 
corn crop. 
Conductivity of the treated drainage water was reduced 
by 10.3, 24.8, and 15.8 % in the large, the series, and the 
control reservoirs, respectively. The mechanisms involved 
ln the reductions in EC were not studied in detail but may 
be attributed to precipitation, runoff, dilution, or plant 
uptake of ions. The reduction of EC was significant at the 
0.05 level for the control and both treatment reservoir 
systems (Figures 12 through 14). 
The EC of water is a measure of the resistance of a 
solution to electric flow. This resistance to electron flow 
is reduced with an increase of ionized salts. Therefore 
pure water has a greater resistance than water that is 
higher in salinity. The seven major cations and anions t hat 
are expressed as the salinity of water and directly influ-
C ++ ++ ++ K+ CO ence the EC are; a , Mg , Na , , 3 SO , and Cl 
(Wetzel 1975). 
In R-5, the average pH of the treated drainage water 
was 8.4 and for untreated drainage water, 7.5, an increase 
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of 0.8 pH units. The pH ln the series of reservoirs ln-
creased by 0.5 pH units, with an average of 7.5 in the 
untreated drainage water and an average value of 8.0 in the 
treated drainage water. The pH of treated drainage water ln 
R-1 decreased from an average of 7.7 to 8.5 (Figures 12 
through 14). The increase in pH for treated drainage water 
in R-5 and the series of reservoirs was closely associated 
with a decrease in conductivity, carbon dioxide and bicar-
bonates and an increase in carbonates (Figure 12 through 
14). Almost no change was observed in the above parameters 
for the treated drainage water in R-1. 
The carbon dioxide concentrations for untreated drain-
age water ranged from 3.2 mg/1 to 25.7 mg/1 for R-1 and 14.3 
mg/1 to 29.3 mg/1 for R-5 and the series of reservolrs 
respectively. Carbon dioxide was reduced by 84.4 % in the 
series of reservoirs by 22.6% in the large .reservoir and by 
98.3% in the control. The equilibrium concentration of 
dissolved carbon dioxide in water should range from about 
0.4 mg/1 to 1.1 mg/1 (Hutchinson 1975). The high carbon 
dioxide concentrations measured in the inflow may have been 
attributed to bacterial activity. It has been reported that 
bacteria can supersaturate natural water with more than 2 0 
mg/1 of free carbon dioxide provided there is a high inor-
ganic carbon source (Kuentzel 1969). Accompanying this 
decrease in carbon dioxide was an increase in dissolved 
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oxygen to a maximum value of 12 mg/1 ln the outflowing water 
of the series of reservoirs. The high DO values were prob-
ably the result of a high photosynthetic production rate of 
the aquatic macrophytes and algae which utilized the carbon 
dioxide as a carbon source (Wetzel 1975). The low carbon 
dioxide reduction and high prlmary productivity in R-1 
indicated that the aquatic macrophytes and algae may have 
utilized a carbon source other than carbon dioxide, or more 
carbon dioxide was being generated by microbial activity. 
Microbial activity might also have accounted for the low DO 
production observed in R-1. Part of the carbon dioxide may 
react with the drainage water by the following formula: 
This reaction predominates at a pH of less than eight 
(Wetzel 1975). The carbonic acid that is formed solubilizes 
the exposed limestone (CaC0 3 ) of the calcium enriched rock 
underlying the drainage ditches and reservoirs, forming 
calcium bicarbonate (Ca(HC0 3 ) 2 ). The formation of the 
calcium bicarbonate was probably the predominant reaction ln 
the ditch water as the untreated drainage water flowing over 
the marl was between a pH of seven to eight (Figures 12 
through 14). The excess carbon dioxide maintained the 
stability of calcium bicarbonate in solution according to 
the following reaction: 
C ++ a + 
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As the drainage water was depleted of its carbon dioxide, 
the above reaction was shifted to the right. This shift was 
observed as calcium carbonate (CaC0 3 ) precipitated on the 
Chara and E. densa. Accompanying this loss of excess carbon 
dioxide by photosynthesis was a shift in the balance of 
bicarbonates to carbonates and of a pH to greater than eight 
(Figures 12 through 14): Reservoir R-1 did not respond in 
the same manner as R-5 and the series of reservoirs. The 
carbon dioxide remained high and was probably the result of 
the increased microbial respiration. 
The loss in carbon dioxide and the shift from bicarbon-
ates to carbonates was significant at the 0.05 level in the 
series and the control reservoirs throughout the 14 month 
period. The loss of carbon dioxide and the decrease in 
bicarbonates for the large reservoir were significant only 
during December, January, February, and March (Figures 12 
through 14). 
Turbidity 
Turbidity ln the outflow was significantly reduced 
(p<0.05) in the reservoirs containing aquatic macrophytes. 
The single large reservolr reduced the turbidity by 35.8 % 
for the 14 month study period, while the series of reser-
voirs reduced the turbidity by 31.3% (Table 4). The control 
pond on the other hand reduced turbidity by only 0.5% during 
the 14 month period. However, during the last six months, 
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Table 4. Monthly and yearly mean turbidity measurements for the 14 
month study period for the reservation systems. Included are 
calculated (t) values for the paired difference test. 
Reservoirs 
Series Large 
Date In Out t In Out t 
Jul 2.27 4.33 -2. 38~': 3.37 4.87 -1.11 
Aug 2.50 5.99 -5.05~': 1.97 2.61 -1.77 
Sep 2.62 3.19 -2. 54~': 2.47 2.75 -0.55 
Oct 2.50 2.07 1.84 3.92 2.54 2. 4 7~': 
Nov 2.56 2.21 1.85 5.61 2.03 3.53•': 
Dec 2.70 1.92 2. 79•': 3.81 2.26 3. 66•': 
Jan 3.61 2.01 4. 41•': 3.69 2.00 2. 38•': 
Feb 4.33 2.37 1.64 4.65 3.35 1.95 
Mar 4.65 2.69 2. 71•': 3.80 2.50 2. 87•'• 
Apr 5.65 1.78 4. 63~': 6.35 3.03 5. 22~': 
May 5.51 2.19 4. 64~': 6.59 3.60 4. 89•': 
Jun 3.47 1.60 2. 35•'• 4.20 2.38 4. 93•'• 
Jul 6.36 2.90 2.30 6.85 3.00 3. 05•': 
Aug 4.98 1. 93 3. 77•': 3.33 3.22 0.08 
Mean 3.84 2.66 4.35 2.79 
sd 1.39 1.20 1.50 0.75 
30. 7%~'d: 35. 8%•'d: 
*Indicates significance at the 0.05 level · 
**Percent reduction 
Control 
In Out t 
2.67 4.42 -1.8 8 
2.50 2.99 -3. 65•': 
2.62 2.27 1.36 
2.50 2.89 1.84 
2.56 -1.63 -1.63 
2.70 3.46 -2.16 
3.62 4.44 -3.27 
4.33 6.28 -2.06 
4.65 4.60 0.04 
5.65 3.13 4. 46•'• 
5.51 4.00 1.17 
3.47 2.20 1.81 
6.36 4.66 1.12 
4.98 3.58 1.81 
3.86 3.85 
1.36 1.16 
0 . 3 %•':<': 
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the turbidity ln the control was reduced by 15.2%, essen-
tially due to the presence of the aquatic macrophyte Chara. 
In R-1 and the series of reservoirs, turbidity of the 
treated drainage water was increased during the first three 
months of the study. However, this 1ncrease was only slg-
nificant (p<0.05) for the series of reservoirs. After the 
plant material became fully established in the reservoirs, 
turbidity measurements were reduced in the treated drainage. 
There was a significant decrease (p<0.05) in turbidity in 
the series of reservoirs for eight of the last nine months 
of the study. The decrease in turbidity for the large 
reservolr was also significant during nine months of the 
study indicating · a significant decrease in the treated 
drainage (Table 4). There was an increase in turbidity 
during the first eight months in the control but only one 
measurement was significant (p<0.05). The rlecrease in 
turbidity in R-5 after the plant species became established 
was significant only once during the last six months (Table 
4) • 
The reduction in turbidity was probably the result of 
the presence of the macrophytes which reduced mixing that 
would suspend particulate organic material and reduce algae 
by shading and competiting for nutrients. 
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Overview: Secondary Nutrients and Physical Parameters 
Inorganic carbon fractions, carbon dioxide, bicar-
bonate, and carbonates were monitored in the two reservoir 
systems and control. The results indicated that the serles 
of reservoirs were more efficient in reducing carbon dioxide 
and bicarbonates than the large reservoir. Accompanying the 
loss of carbon dioxide in the small reservoirs was a shift 
in the carbonate equilibrium to the carbonate side and an 
increase in pH (Table 5). The reduction of the carbon 
dioxide may have been important since it lS considered to be 
a major source of inorganic carbon for algal blooms 
(Kuentzel 1969). This, however, may be dependent upon the 
type of algae present. Species that are characteristic of 
oligotrophic waters may utilize only the free carbon dioxide 
and do not grow at pH values above 8.6 to 8.8, whereas 
specles characteristic of eutrophic waters ~ay grow above pH 
of 9.0, either using bicarbonates directly or uslng carbon 
dioxide in very low concentrations (Moss 1973). In lieu of 
these data, it may be more advantageous to dump the effluent 
from R-1 into a natural system, rather than from the series 
of reservolrs. 
As the carbon dioxide concentrations dropped in the 
reservolrs, DO increased. The mean DO value in the outflow 
of R-1 was 5.1 mg/1 while that of the reservoirs ln serles 
was 8.5 mg/1. The series of reservoirs produced over 90 % 
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more oxygen than R-1. This lncrease ln DO and loss of 
carbon dioxide was consistent with the photosynthetic formu-
la and was probably a result of the greater production of 
the submergent macrophytes E. densa and Chara (Table 5). 
The EC decreased in all reservoirs and may have been a 
result of plant uptake of the cations and anions which make 
up the conductivity. 
Both reservoir systems were effective in reducing 
turbidity. This was considered to be partially a physical 
effect of the macrophytes which reduced mixing and suspen-
sion of particulate material as well as shading which re-
duced algal growth. The macrophytes may have also reduced 
biogenic turbidity by outcompeting algae for nutrients 
(Table 5). 
The series of reservolrs were more effective ln reduc-
ing carbon dioxide and increasing DO (Table 5). Whether or 
not the changes in concentrations of these chemicals, re-
sulting from treatment by the small !eservoirs, are benefi-
cial depends on one's point of view. Followers of Shapiro 
(1973) and King (1970) would suggest that a decrease ln 
carbon dioxide and an increase in pH would lead to a species 
change where blue-green algae would probably dominate. In 
this case effluent water from the series of reservoirs could 
enhance the growth of certain blue-greens that may become a 
nuisance. On the other hand, Goldman (1973) suggests that 
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Table 5. Percent change in the chemical and physical parameters from 
the 14 month study period. 
Percent Reduction (-)' Increase (+) in Concentration 
Specific 
Reservoir Dissolved Conduc- Carbon Bicar-
System Oxygen tivity Dioxide bonate Carbonate Turbidity 
Series of 
Reservoirs +142.8 -24.9 -84.4 -39.0 +100.0 -30.7 
Large 
Reservoir + 8.5 -11.3 -22.6 -11.2 + 60.0 -35.8 
Control 
Reservoir +163.8 -15.9 -98.1 -51.3 +100.0 - 0.3 
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the total carbon concentration (Ct = co 2 + H2co 3 + HC0 3 + 
co3- 2 ) is of importance to algal growth and that the rela-
tive affinities for ct of green and blue-green algae deter-
mines what type will dominate. From this point of view, 
effluent from the series of reservoirs could, by dilution, 
inhibit some algal species respective to their half satura-
tion coefficients (Ks) for total-carbon-limited growth. 
Standing Crop and Tissue Analysis 
The standing crop data were used to compare the amount 
of plant material contained in each reservoir system. 
Theoretically the system containing the most plant tissue 
would have the potential to remove the greatest amount of 
nutrients via plant assimilation (Stewart 1970). 
The tissue analyzed in this study was used to measure 
the percent composition of the nutrients contained in the 
various species grown in this study. The data generated by 
this analysis were utilized to determine the potential 
nutrient assimilative capacity of these macrophytes and lS 
discussed in the section on nutrient budgets. 
Standing Crop: Typha and Chara 
The terminal shoot standing crop of Typha, was first 
measured on 7/4/77, approximately 70 days after initial 
shoot growth. Standing crop was first determined for Typha 
2 
stands in R-1 on 12/8/77 with a value of 844 g/m . Peak 
standing crop values in R-4 for Typha occurred on 9/15/77 
69 
with a measured value of 795 g/m2 . A maJor drop in standing 
crop values which was probably a result of cold weather, was 
observed in both reservoirs, R-1 and R-4, after the sampling 
period on 12/29/77. The lowest standing crop values for 
Typha occurred on 3/3/78 with a measured value of 386 g/m2 
in R-1 and 140 g/m2 in R-4 (Table 6). Cattails in the 
reservoirs were not damaged s-everely by frost during the 
winter of 1977-78 and since there was little observed death 
and decay, a harvest was not undertaken. 
The greatest values attained for cattail standing crop 
were measured on 4/25/78, with a value of 1406 g/m2 in R-1 
and 1091 g/m2 ln R-4 (Table 6). These maximum values for 
Typha corresponded to data reported by Boyd (1970a) and 
Penfound (1956). 
A drop in Typha standing crop was noted during the 
sampling period of 6/14/78, as the bulk of ' the cattails ln 
both stands neared the end of their growth cycle (Table 6). 
The total above ground plant material in R-1 and R-4 was 
harvested at this time. Small amounts of Chara were ob-
served in both cattail stands in October of 1977 and were 
also measured for standing crop, with a maximum value of 58 
g!m2 in R-1 (Table 6). The Chara in this reservoir died 
back after sampling on 4/14/78 and was no longer observed 
growing ln the large reservoir. The disappearance of Chara 
in this stand was probably the result of its inability to 
70 
Table 6. Standing crop data for Typha and Chara in reservoirs R-1 and 
R-4. 
Reservoirs 
R-1 R-4 
Date Typha Char a Typha Char a 
g/m 2 g/m 2 g/m 2 g/m 2 
8/ 4/77 279.0 213.3 
8/25/77 300.4 222.8 
9.15/77 462.8 795.5 
10/ 6/77 
10/27/77 587.6 622.0 
11/17/77 393.2 610.2 68.4 
12/ 8/77 843.9 32.4 505.7 98.6 
12/29/77 485.1 46.4 504.2 110.4 
1/19/78 
2/ 9/78 394.7 58.0 183.7 115.6 
3/ 3/78 386.0 50.3 193.4 140.3 
3/23/78 
4/14/78 698.2 56.4 752.4 177.2 
5/ 5/78 872.0 1025.3 182.6 
5/25/78 1406.4 1091.0 84.2 
1190.7 930 87.5 6/14/78 
7/ 5/78 H·'· H·'· H·'· H·'· .. .. .. .. 
8/ 2/78 171.8 220.7 208.7 
8/23/78 2.72. 4 224.5 249.4 
Mean 582.9 48.7 540.5 138.2 
sd 375.0 10.2 293.8 58.6 
*H indicates harvest: no samples were taken. 
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compete for nutrients with the Typha. The Chara in R-4, 
however, remained throughout the study period and reached a 
maximum standing crop of 241 g/m2 (Table 6). 
Tissue Content: Typha and Chara 
Total-N values for Typha ranged from 1400 ~g/g to 25000 
~gig and for Chara from 1300 ~g/g to 26000 ~g/g. Total-P 
values for Typha ranged from 76 ~g/g to 4600 ~g/g and for 
Chara from 84 ~g/g to 2167 ~g/g (Table 7). These variations 
may be the result of certain environmental factors such as 
changes in nutrient concentrations entering the stand from 
one sampling period to the next or the channeling of nutri-
ents through the center of the stand. Typha may have also 
grown faster and assimilated more nutrients near the edges 
of the reservoirs which contained high concentrations of 
organic material. Channeling of nutrients and the organlc 
material making up the levees might be responsible for the 
different nutrient concentrations in the plant material 
analyzed in these zones. 
Correlation coefficients between total- 1 and total- P 
levels for Typha and Chara standing crop in R-1 and R-4 
during the time periods from 8/4/77 to 9/15/77 and 4/14/78 
to 5/25/78 are shown in Table (8). The correlation values 
for total-P and total-N in R-1 were -.99, for both time 
periods. The correlation values calculated in R-4 
were -.68 for total-Nand -.81 for total-P during the first 
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Table 7. Tissue analysis for total-Nand total-P of Typha and Chara 
in reservoirs R-1 and R-4. All values are ~g/g x 1000. 
R-1 Typha R-1 Char a R-4 Typha R-4 Char a 
Date N p N p N p N p 
llg/g ~g/g ~g/g ~g/g ~g/g ~g/g ~g/g ~g/g 
8/ 4/77 15.1 3.9 13.8 2.1 
8/25/77 14.5 1.7 12.6 1.6 
9/15/77 8.6 1.6 13.0 1.2 
10/ 6/77 
10/27/77 17.6 2.5 15.1 1.3 
11/17/77 18.9 1.5 13.2 2.5 19.4 2.0 
12/ 8/77 6.5 1.8 10.3 2.0 3. 3" 1.2 4.3 1.2 
12/29/77 9.9 0.7 15.1 0.9 16.0 1.4 10.1 0.9 
1/19/78 
2/ 9/78 14.5 1.5 20.1 2.1 11.4 1.9 12.6 0.1 
3/ 3/78 7/9 1.1 15.1 1.9 1.4 4.5 1.4 4.5 
3/23/78 
4/14/78 23.9 0.9 13.6 0.7 25.2 1.7 12.0 0.5 
5/ 5/78 13.8 0.8 9.1 1.2 16.0 0.9 
5/25/78 10.0 0.1 1.4 0.7 25.8 0.1 
6/14/78 12.9 1.2 15.7 1.1 8.9 1.0 
7/ 5/78 H·'· H·'· H·'· H·'· H·'· H·'· H·'· H·'· ~- ~- ~- ~- " #\ " " 
8/ 2/78 1.4 0.4 14.1 0.7 15.1 0.5 
8/23/78 15.1 0.5 13.9 0.5 14.7 0.5 
Mean 12.7 1.4 14.8 1.5 11.9 1.6 12.7 1.1 
sd 5.5 . 9 3.5 .7 6.2 1.0 6.8 1.2 
*H indicates a harvest: no samples were taken. 
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Table 8. Correlation coefficients between tissue content of total-N and 
total-P and standing crop for the 14 month period and two 
growing seasons. 
Tissue Analysis vs. Standing Crop 
Location N p 
14 Month Period 
R-1 -.12 +.23 
R-4 -.38 -.32 
8/4/77 to 9/15/77 
R-1 -. 99i': -. 99;': 
R-4 -.81 -.68 
4/14/78 to 5/25/78 
R-1 -. 99;': -. 9 9;'· 
R-4 -.84 -.99;': 
*Indicates significance at the 0.05 level. 
74 
time period and -.99 for total-Nand -.84 for total-P 
during the second time period. These correlations were 
consistent with those reported by Boyd (1970b) and supported 
the finding that nutrients decline as Typha matures. The 
correlations between nutrient levels and standing crop were 
found to be very low for the 14 month period in both R-1 
and R-4 and were probably the result of differences in 
stages of growth of the Typha or the nutrient concentrations 
at the time of sampling (Table 8). 
Standing Crop: Egeria densa 
The standing crop of Egeria densa was first measured on 
August 4, 1977, approximately 60 days after introduction. 
Little seasonal variation in biomass was observed in either 
reservolr. After eight months of growth the E. densa in 
R-1 died back and it was necessary to reintroduce this 
reservoir with about 800 g of fresh plant material. Maximum 
growth was observed in R-4 during June, July, and August of 
1978 with a peak value of 603 g/m2 (Table 9). Maximum 
values of standing crop occurred in R-1 on 9/15/77 with a 
peak value of 459 g/m 2 and again on 4/18/78 with a value of 
462 g/m2 . Minimum values of E. densa were recorded in R-1 
and R-4 during winter months. Biomass values dropped to a 
low of 124 g/m 2 in R-1 and 135 g/m 2 in R-4 (Table 9). Small 
amounts of Chara were observed in R-1 during the first few 
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Table 9. Standing crop data for Egeria densa in reservoirs R-1 and 
R-3. 
Reservoirs 
Date R-1 R-3 
g/m 2 g/m 2 
8/ 4/77 206.3 364.6 
8/25/77 213.8 326.3 
9/15/77 459.0 244.7 
10/ 6/77 
10/27/77 151.4 214.8 
11/17/77 138.8 135.0 
12/ 8/77 124.5 218.0 
12/29/77 136.0 302.5 
1/19/78 
2/ 9/78 252.3 299.1 
3/ 3/78 134.9 233.9 
3/23/78 
4/14/78 462.6 250.5 
5/ 5/78 384.2 283.7 
5/25/78 206.1 297.2 
6/14/78 76.1 514.8 
7/ 5/78 256.0 530.4 
8/ 2/78 262.8 603.6 
8/23/78 167.7 445.3 
Mean 227.0 315.0 
sd 116.9 150.3 
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months of the study but quickly disappeared. The Chara 
observed in R-1 was not measured for standing crop values. 
The mean standing crop values of E. densa during the 14 
month period in R-4 was almost twice that observed in R-l 
(Table 9). The difference in growth of E. densa in the two 
reservolrs (R-1 and R-4) may have been the result of a 
number of environmental variables. The competition with 
Chara in R-l may have also affected the growth of the E . 
densa. A major variable that may have caused the varlance 
between the two stands of E. densa was the difference in 
sediment type. Reservoir R-3 had slightly more muck (organ-
ic material) overlying the marl layer than did R-l (Table 
2). The thicker organic layer may have allowed for the 
establishment of a larger root system and exposed the plants 
to more nutrients, which in turn increased their growth 
(Bristow and Whitcombe 1971). 
Tissue Content: Egeria densa 
Nutrient values for total-N ranged from 7025 ~ g /g to 
26460 ~g/g in R-1 and 1348 ~g/g to 26460 ~g/g in R-3. 
Total-P values ranged from 68 ~g/g to 4080 ~g/g in R-l and 
from 77 ~g/g to 5865 ~g/g to R-3 (Table 10). These varia-
tions may be the result of certain environmental factors 
such as changes in nutrient concentrations entering the 
stand or the channeling of nutrients through the center of 
the reservoir. The channeling of the effluent through the 
77 
Table 10. Tissue analysis for total-N and total-P of Egeria densa in 
reservoirs R-1 and R-3. All values are ~g/g x 1000. 
R-1 E. dens a R-4 E. dens a 
Date N p N p 
1-lg/g 1-lg/g ~g/g 1-lg/g 
8/ 4/77 13.8 2.1 16.4 2.2 
8/25/77 16.4 1.3 15.2 2.1 
9/15/77 13.9 1.6 14.5 1.3 
10/ 6/77 
10/27/77 20.1 0.7 .17. 6 5.9 
11/17/77 17.6 0.8 15.1 0.2 
12/ 8/77 21.4 1.9 5.2 1.5 
12/29/77 15.7 1.4 17.6 1.4 
1/19/78 
2/ 9/78 12.6 1.5 12.6 2.0 
3/ 3/78 21.7 4.1 11.3 0.4 
3/23/78 
4/14/78 7.0 0.3 9.5 0.7 
5/ 5/78 9.9 1.0 18.9 1.1 
5/25/78 26.4 0.1 25.2 0.1 
6/14/78 17.9 1.2 13.6 1.1 
7/ 5/78 18.3 0.5 17.1 0.5 
8/ 2/78 16.6 0.6 16.9 0.4 
8/23/78 11.6 0.5 15.1 0.4 
Mean 16.3 1.2 15.1 1.3 
sd 4.9 1.0 4.4 1.4 
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center of the reservoir should enhance the growth of the 
plant material. 
The exposure to a higher concentration of nutrients may 
also increase the luxury uptake and could result in higher 
tissue concentrations of the plants in that portion of the 
stand. 
Nutrient level for E. densa in R-1 and R-3 and the 
standing crop in these reservoirs varied considerably and 
resulted in low correlations between nutrient concentrations 
and standing crop (Table 11). The correlations for tissue 
analysis and standing crop indicated both increasing and 
decreasing trends in total-N and total-P content of E. densa 
for both R-1 and R-4. Similar results in tissue analysis of 
aquatic plants were demonstrated by Geuloff and Krombholz 
(1966). The variances were the result of different concen-
trations of nutrients present in the resepvoirs. The gen-
eral decline in nutrient tissue content over the growlng 
season was not observed (Boyd 1970b). 
Standing Crop: Eichhornia crasslpes 
The standing crop of Eichhornia crasslpes was first 
measured on 8/14/77 about 60 days after introduction. 
Maximum biomass was first observed on December 12, 1978 with 
a value of 4584 g/m2 ln R-2. After this sampling period the 
biomass coverlng 50% of the surface area was removed from 
both reservoirs. The hyacinths were again harvested two 
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· Table 11. Correlation coefficients between tissue content of total-Nand 
total-P and standing crop for the 14 month period and two 
growing seasons. 
Egeria densa 
Tissue Analysis vs. Standing Crop 
Location N p 
14 Month Period 
R-1 -.41 -.66 
R-3 -.50 +.25 
9/14/77 to 9/15/77 
R-1 -.09 -.48 
R-3 +.92 
6/14/78 to 9/2/78 
R-1 -.66 
R-3 -.72 +.57 
*Indicates significance at the 0.05 level 
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months later when 60% to 70% of the biomass was removed. 
The second harvest was initiated ln order to remove a major-
ity of the plant material killed back by frost. The water 
hyacinths were allowed to grow until the end of the experi-
ment. The maximum standing crop values at that time were 
3603 g/m2 for R-1 and 4175 g/m2 for R-2 (Table 12). The 
values of standing crop were greater than those reported by 
Penfound (1956). However Penfound emphasized that his 
values were low, slnce the number of hyacinth plants per m2 
in his study were much less crowded than observed in natural 
stands. Westlake (1963), however, recorded values of up to 
15018 g/m2 under optimum conditions in tropical regions. 
Little difference in average biomass for E. crassipes be-
tween the two reservoirs was observed (Table 12). These 
results indicated similar growth responses of the two stands 
of hyacinths to the environmental conditions and nutrients 
present. 
Tissue Content: Eichhornia crassipes 
Plant tissue analysis for total-P and total-N varied 
through time in each stand, but little varlance was observed 
between the two stands at the time of sampling. The vari-
ances within the stands may have been the result of changing 
environmental conditions especially the changes in flux of 
nutrients entering each reservoir. Tissue analysis for 
total-N ranged from 3771 ~g/g to 25200 ~g/g while total-P 
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Table 12. Standing crop data for Eichhornia crassipes in reservoirs R-1 
and R-2. 
Date 
8/ 4/77 
8/25/77 
9/15/77 
10/ 6/77 
10/27/77 
ll/17/77 
12/ 8/77 
12/29/77 
l/19/78 
2/ 9/78 
3/ 3/78 
3/23/78 
4/14/78 
5/ 5/78 
5/25/78 
6/14/78 
7/ 5/78 
8/ 2/78 
8/23/78 
Mean 
sd 
R-1 
2 g/m 
1308.8 
1361.9 
2570.6 
3686.5 
4200.0 
4421.4 
4584.0 
H~': 
1960.0 
2310.2 
H~': 
1052.0 
1659.3 
1735.3 
2245.4 
2353.1 
2836.5 
3603.8 
2624.3 
1153.6 
Reservoirs 
*H indicates a harvest: no samples were taken 
R-3 
2 g/m 
1035.0 
1011.7 
3544.0 
3430.3 
3504.0 
3552.5 
4004.0 
H~'~ 
2820.9 
2460.0 
H#': 
609.0 
833.0 
1375.9 
1943.8 
1697.6 
2271.8 
4175.0 
2391.8 
1212.2 
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ranged from 73 ~gig to 5100 ~g/g for hyacinths ln both R-1 
and R-2 (Table 13). 
Correlation coefficients were calculated between tissue 
analysis and biomass measurements. Two sets of correlation 
values were determined. The first set was based on the 
growing season from 8/4/77 to 12/29/77 and the other after 
the winter freeze and harvest during 3/23/78. The correla-
tion values for total-P were -.17 and -.31 in R-1 for the 
two growing seasons and -.12 and -.21 ln R-2. Although the 
correlations between total-P content and biomass were low, 
there was a trend of decreasing concentrations through time 
as reported by Boyd (l970b). Nitrogen analysis and nutrient 
correlation values did not indicate this decreasing trend of 
tissue concentrations through time (Table 14). The differ-
ences in correlation values and tissue analysis were prob-
ably a result of the response of the plant material to the 
changes in environmental conditions through time. 
Overview: Standing Crop and Tissue Analysis 
Reservoir R-1 had the greatest mean standing crop with 
a value of 11.6 mt/ha which was 0.4 mt/ha more than the 
reservolrs in series and 10.5 mt/ha more than the control. 
The seasonal variance of standing crop was evident in R-1 
as standing crop values ranged from 7.4 mt/ha in April 197 8 
to 17.6 mt/ha in December of 1977. The drop in biomass for 
R-1 during February, March, and April was due to the cold 
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Table 13. Tissue analysis for total-N and total-P of Eichhornia cras-
sipes in reservoirs R-1 and R-2. All values are ~g/g x 1000. 
R-1 E. crassipes R-4 E. crassipes 
Date N p N p 
llg/g ~g/g ~g/g ~g/g 
8/ 4/77 15.7 1.7 12.3 1.2 
8/25/77 12.6 2.1 11.3 1.2 
9/15/77 15.2 1.3 16.3 1.5 
10/ 6/77 
10/27/77 14.5 3.7 15.1 1.1 
11/17/77 13.8 0.2 12.6 2.1 
12/ 8/77 6.5 2.1 5.6 1.6 
12/29/77 15.1 0.8 18.9 0.8 
1/19/78 
2/ 9/78 8.8 1.9 6.9 1.9 
3/ 3/78 4.4 5.1 3.7 4.1 
3/23/78 
4/14/78 13.6 0.8 14.2 0.8 
5/ 5/78 10.8 1.2 17.3 0.6 
5/25/78 22.7 0.1 25.2 0.1 
6/14/78 14.4 1.1 15.8 1.2 
7/ 5/78 15.9 0.8 19.2 1.0 
8/ 2/78 14.2 0.5 13.8 0.5 
8/23/78 14.5 0.5 13.8 0.5 
Mean 13.9 1.5 13.9 1.3 
sd 4.5 1.3 5.4 0.9 
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Table 14. Correlation coefficients between tissue content of total-N and 
total-P and standing crop for the 14 month period and two 
growing seasons. 
Eichhornia crassipes 
Tissue Analysis vs. Standing Crop 
Location N p 
14 Month Period 
R-1 +.07 -.16 
R-2 +.28 -.18 
8/14/77 to 12/8/77 
R-1 -.17 -.14 
R-2 -.12 +.59 
4/14/78 to 8/23/78 
R-1 -.31 +.03 
R-2 -.21 +.34 
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weather (Table 15). Water hyacinths were harvested during 
February and April. 
The mean standing crop measured in the series of reser-
voirs was 11.2 mt/ha. The plant species in these reservoirs 
were subjected to similar conditions as the plant species in 
the large reservoir. The difference of 0.4 mt/ha in stand-
lng crop between the two reservoirs was insignificant 
(p<0.05). Seasonal variations were also observed in this 
system with values ranging from 5.4 mt/ha in April of 1978 
to 15.1 mt/ha in December of 1977. The low range of stand-
ing crop was measured during winter months (Table 15). 
Hyacinths were harvested ln the series of reservoirs during 
February and April. 
The control reservoir contained no aquatic macrophytes 
at the start of the experiment. The plant species, Chara, 
that invaded R-5 was first measured on 2/9/78 with a mean 
value of 0.2 mt/ha. The biomass data for R-5 indicated an 
increase of plant tissue for this species for the remainder 
of the experiment. A peak standing crop of 2.4 mt/ha was 
measured on 8/23/78, the last sampling period (Table 15). 
The correlations between the total nutrients accumu-
lated by the plant tissue in each reservoir system and the 
biomass measured in the corresponding system were calcu-
lated. The results of this analysis indicated that the 
plant growth in each system was directly related to the 
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Table 15. Mean monthly values and yearly averages of the total standing 
crop in mt/ha for the reservoir systems. 
Locations 
Date R-1 R-2 thru R-4 R-5 
Aug 6.1 5.3 
Sep 11.9 15.0 
Oct 14.7 14.2 
Nov 15.8 14.2 
Dec 17.6 15.1 
Jan 
Feb 8.7 11.0 0.2 
Mar 9.4 9.6 0.4 
Apr 7.4 5.4 0.7 
May 10.0 8.2 0.9 
Jun 11.7 11.3 1.5 
Ju1 13.1 11.1 1.9 
Aug 12.2 13.2 2.4 
Mean 11.6 11.2 1.1 
sd 3.4 3.5 1.1 
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accrual of N and to a much lesser extent the removal of the 
P (Table 16). Two possible . conclusions can be deduced from 
this data: l) either E. crassipes . has a greater affinity 
for N than P, or 2) P was limiting (Dunigan et al. 1975). 
The biomass and nutrient content of the aquatic macro-
phytes varied in response to light, ·temperature, nutrient 
content of the water, local habitat, and a number of other 
associated environmental factors (Boyd 1969a; Boyd and Hess 
1970). Where nutrients channeled through the reservolrs, 
water hyacinths were generally larger, greener, and more 
succulent than plants growing adjacent to this zone. The 
Typha and E. densa on the other hand grew more profusely 
near the levees which had the thickest organic sediment. 
Each reservoir system contained about the same amount 
of plant tissue on a dry weight basis but with some varla-
tion in tissue content for total-N and to~al-P. 
Nutrient Budgets and Harvest 
The use of aquatic plant harvesting as a nutrient 
removal technique was based upon a number of assumptions and 
information from previous studies. It has been shown that 
aquatic macrophytes do require N and P for growth and they 
do assimilate these nutrients from water and sediments. 
Aquatic plants have been shown to also accumulate N and P in 
levels beyond those required for physiological maintenance 
(ie. luxury uptake). Furthermore, it is generally agreed 
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Table 16. Correlation coefficients between tissue content of total-N and 
total-P in the reservoir systems for the 14 month study 
period. 
Tissue Analysis vs. Standing Crop 
Location N p 
R-1 .26 
R-2 thru R-4 • 76•'• .43 
R-5 • 97•'• .02 
*Indicates significance at the 0.05 level 
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that N and P are the elements most likely to be involved 1n 
limiting the growth of aquatic plants. 
The total amount of N and P removed by a harvest can be 
calculated by multiplying the average nutrient content 
calculated for a particular species by the total amount of 
that plant removed during a harvest. Approximately 75 % of 
the plant biomass was removed for each plant species har-
vested. The hyacinth material included both root and shoot 
tissue and was harvested twice during the study from both 
R-1 and R-2. The biomass from these reservoirs totaled 6417 
kg and 6011 kg respectively. The above ground cattail 
material removed was approximately 1107 kg from R-1 and 867 
kg from R-4. The E. densa was not harvested. 
The N and P removed from the reservoir systems as a 
result of the harvest was 83 kg of N and 1.1 kg of P from 
the large reservoir and 84 kg of Nand O. B kg of P from the 
series of reservo1rs. 
· The nutrient content of the plant material contained in 
the reservoirs can also be calculated by the same procedure 
for determining the nutrients removed by harvest. The 
percent nutrient content measured for each species was 
multiplied by the calculated standing crop of that spec1es. 
The values measured were totaled for both treatment s y stems 
and averaged for monthly analysis. The result of these 
calculations provided the nutrients accumulated by the 
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standing crop ln each reservoir system and the potential 
nutrient removal if all the material was harvested at that 
time (Table 17). 
The plant tissue ln R-1 contained a monthly average of 
162 kg N/ha and 14.7 kg P/ha. The plants in the serles 
system contained an average of 150 kg N/ha and 13.4 kg P/ha. 
Nutrient budgets for N and P entering the system vla 
agricultural drainage was calculated for each month. The 
total water pumped for a month was multiplied ·by the average 
nutrient concentration in mg/1, for both inflow and outflow 
of that month. The difference between these measurements 
was the net galn or loss of N and P for both reservolr 
systems and the control (Appendix A). 
The net gain or total retention of N ln the serles of 
reservoirs was 1017 kg/ha, as compared to a value of 750 
kg/ha for the large reservolr and 704 kg/~a for the control. 
Phosphate retention was greatest in the series of reservoirs 
with 249 kg/ha removed. The large reservoir retained 211 kg 
P/ha and the control retained 116 kg/ha. 
The data for the nutrient tissue content were used to 
calculate monthly net tissue assimilation or release of 
nutrients. When compared to the net nutrient analysis of 
the drainage water it was found that during the summer the 1 
budgets were not in steady state in the treatment reser-
volrs. Essentially there was more N contained in the plant 
91 
Table 17. The potential nutrient removal of total-Nand total-P by the 
aquatic macrophytes in the reservoir systems for the 14 month 
study period. 
Locations 
R-1 R-2 thru R-4 R-5 
Date N p N p N p 
kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha 
Aug 89.8 10.8 71.9 9.2 
Sep 150.0 13.0 223.1 20.4 
Oct 257.1 27.7 227.0 8.8 
Nov 265.0 19.6 193.3 3.3 
Dec 221.7 15.6 168.9 19.9 
Jan 
Feb 104.0 14.5 113.8 21.6 3.9 0.4 
Mar 107.1 32.2 21.0 40.9 4.9 2.1 
Apr 109.6 4.9 87.8 5.7 7.2 3.3 
May 120.4 10.8 132.5 4.2 9.0 0.6 
Jun 176.6 13.9 170.4 11.5 24.2 2.4 
Jul 223.9 8.2 202.7 8.4 28.4 1.3 
Aug 122.9 5.8 193.5 6.6 10.9 1.5 
Mean 162.3 14.7 150.5 13.4 16.9 1.7 
sd 63.9 8.3 65.2 10.7 14.9 1.0 
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material than can be accounted for by the net N retention of 
the reservoir systems (Fig. 15). However, this N loading 
from the plant tissue was apparently offset by some other 
chemical or physical process as the net N removal was great-
est during the winter with 161 kg N/ha removed during Janu-
ary from the ser1es and 314 kg N/ha removed during February 
from the large reservoir. 
The N that entered the reservoirs from sources other 
than the agricultural effluent may have been from oxidized 
organic matter making up the levees. Neller (1944) reported 
nitrate-N concentrations as high as 422 ~g/g in Everglades 
peat. The N mineralization rate for Pahokee muck was esti-
mated to be 686 kg N/ha for each centimeter of soil lost to 
microbial oxidation (Terry 1980). The oxidized organ1c 
matter entering the reservoirs from this source could in-
crease production provided no other nutr~ents were limiting. 
The extra N could also be taken up in luxury amounts (Fitz-
gerald 1969). During summer, oxidation rates would increase 
due to an 1ncrease 1n temperature, and loading would be 
greater because of increased rainfall (Reddy et al. 1980). 
During the first 3 months of 1977 there was more P 
contained in the plant material than was retained by reser-
voir R-1. During the remainder of the study the P retained 
by the plant tissue was less than the P retained by this 
reservoir (Fig. 16). This indicates that processes other 
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than plant assimilation were involved ln reducing P concen-
trations in the reservoir. 
The P content in the plant tissue in the serles of 
reservolrs oscillated through the 14 months. It appeared 
that the plant tissue would build up P then release it into 
the reservoir every three months. 
SUMMARY AND CONCLUSIONS 
Nitrogen and phosphate from agricultural drainage are 
transported primarily by surface runoff and subsurface flow, 
resulting in nonpoint source pollution of adjacent water 
bodies. Measurements were made of Nand P concentrations of 
agricultural drainage water from a muck farming district of 
7,300 ha located south of Zellwood, Florida. Data for the 
physicochemical parameters, nutrient concentrations and 
standing crop were collected for a 14 month period beginning 
September 1977. 
Samples from agricultural drainage water were taken 
twice weekly at five sampling stations (two inflow and three 
outflow). Field analysis consisted of measurements for DO, 
. 
alkalinity, carbon dioxide, water temperature, pH, and 
rainfall. Laboratory analysis consisted of measurements for 
total phosphate, orthophosphate, total-N, ammonium- N, 
nitrate-N and turbidity. All samples were analyzed in 
accordance to Environmental Protection Agency (197 4 ) and 
Standard Methods (American Public Health Association 1971). 
2 Four 0.25 m quadrats in each plant stand were sampled 
at 21-day intervals for standing crop and tissue analysis. 
The plant material collected from each stand was sorted to 
genus and a composite of the four samples was made for 
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analysis. The plant material covering 50% to 60% of the 
surface area in each cattail and hyacinth stand was removed 
approximately every six months and after winter kills. 
Maximum nitrate-N concentrations for untreated drainage 
water were greatest during periods of highest precipitation. 
The reservoir treatments and the control reduced levels of 
nitrate-N contained in the untreated drainage water. The 
reductions of 65%, 80%, and 74 % by R-1, the series of reser-
voirs and the control, respectively, were not attributed to 
the uptake by aquatic macrophytes alone. The biological 
process of denitrification and accumulation of nitrate- N by 
algae may have been the additional contributing factor 
affecting nitrate-N reduction. Overall, the series of 
reservoirs were more effective in reducing nitrate- N concen-
trations from agricultural drainage water than a single 
large reservoir. 
The large reservolr reduced ammonium- N ln the untreated 
drainage water by 57%, the series reduced ammonium- N by 73 %, 
and the control reduced the ammonium- N by 75 %. The reduc-
tion of ammonium- N was not attributed to the aquatic macro-
phyte assimilation alone. Part of the ammonium-N was also 
reduced by: 1) ammonia volatilization and 2) nitrification 
and subsequent denitrification. 
The series of reservoirs reduced the organlc nitrogen 
components by 33% and the control reduced organlc nitrogen 
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by 8%. The large reservoir treatment increased the organic 
nitrogen concentration by 7%. The increase measured in R-1 
was probably the result of plant decomposition and plant 
excretion. 
Total-P concentrations for untreated drainage water 
ranged from 0.2 mg/1 to 1.68 mg/1, while P concentrations 
for treated drainage water ranged from 0.02 mg/1 to 0.85 
mg/1. Total-P concentrations were associated with the rain 
events as peak concentrations for P were observed during the 
months of peak rainfall. The annual mean reduction of P was 
significant (p<O.OS) and was calculated to be 74% by the 
series of reservoirs, 70% by the large reservoir, and 33% by 
the control. The reduction in P observed in the reservoirs 
was probably the result of adsorption, precipitation and 
plant assimilation of the P fractions associated with these 
chemical and biochemical processes. 
Ortho-P concentrations in the untreated drainage water 
exceeded the 0.01 to 0.03 mg/1 believed to be ~ufficient for 
algae blooms. Concentrations of ortho-P in the untreated 
drainage water were associated with surface and groundwater 
runoff caused by rain events, and varied considerably for 
the 14 month period. The series of reservoirs reduced 
ortho-P by 74%, the large reservoir reduced ortho-P by 70%, 
and the control reduced ortho-P by 33%. These reductions 
were the result of aquatic plant assimilation and precipita-
tion by calcium carbonate. 
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The photosynthetic activity increased DO concentrations 
ln the series of reservoirs by an average of 5 mg/1, while 
the control increased DO by an average of 6 mg/1. The 
lncrease ln DO observed in the large reservoir was 0.5 mg/1. 
This low oxygen concentration in the treated effluent from 
R-1 was probably the result of higher respiration rates 
coupled with lower photosynthetic activity. Although R-1 
produced more total standing crop than the series of reser-
voirs, the series produced more E. densa which functioned as 
an oxygen pump for both reservoir systems. 
The specific conductance was reduced by 24%, 10 %, and 
15% by the series of reservoirs, ·R-1, and the control, 
respectively. The small reservoirs in series were more 
efficient in reducing the ions associated with specific 
conductance than was the large • reservoir. Specific conduc-
tance in the untreated drainage water varied with rain 
events, agricultural practices and flooding of soils. 
The carbon dioxide was reduced in the series of reser-
voirs and the control mainly by photosynthetic activity of 
the submergent macrophytes. The large reservoir was not as 
efficient in the reduction of carbon dioxide, therefore the 
oxygen produced by photosynthetic activity was almost equal 
to the carbon dioxide produced by respiration at the time of 
sampling in R-1. The photosynthetic carbon fixation in the 
series of reservoirs and the control shifted the alkalinity 
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equilibrium from bicarbonates (HC0 3-) to carbonates (C0 2--) 
and increased pH to values of greater than eight. 
Turbidity was significantly reduced in the series of 
reservoirs and R-1 with a reduction of 35% and 31%, respec-
tively. The control, on the other hand, reduced turbidity 
by 0.3%. The reductions in turbidity were directly related 
to the plant material present in the reservoir systems. 
The mean standing crop of E. densa in R-1 was 227 g/m2 
dry wt., while the mean standing crop in the series of 
reservolrs was 329 g/m2 dry wt. The total mean standing 
crop was 3428 g/m2 in R-1 and 3,398 g/m2 in the series of 
reservolrs. 
The nutrient concentrations of aquatic macrophytes 
varied greatly through time but these data were useful for 
relative comparisons among different aquatic macrophytes and 
among reservolrs. Phosphate levels were .greater in plant 
tissue measured from the series of reservoirs, while nitro-
gen levels were greater for the plant species measured ln 
R-1, with the exception of E. crassipes. The varlance ln 
plant tissue analysis within species was probably the result 
of nutrient channeling through the center of the plant stand 
and the random sampling procedure. 
Although the mean biomass and nutrient uptake by the 
major aquatic plants were slightly greater in R-1, the 
reservoirs in series were 63% more efficient in removing N 
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and 89% more efficient in removing P from the untreated 
drainage water during the 14 month period of study. The 
series of reservoirs were also more efficient than the large 
reservolr in improving the physicochemical properties of the 
treated agricultural drainage water. 
Based on the results obtained from this field study the 
following conclusions can be drawn 
1. All reservoir systems, including the control, 
(with no macrophytes) were efficient in removing 
and P from the agricultural drainage water. 
2. Presence of aquatic macrophytes removed about 25 
to 30% of the ,~ and 20 to 25% of the P from the 
agricultural drainage water. 
3. Nitrogen and P concentration ln untreated drainage 
water were directly associated with rain events 
that occurred during the study period. 
4. Several phys~cal, chemi~al, and biological reac-
tions such. as nitrification, denitrification, 
ammonification, volatilization, mineralization, 
precipitation and adsorption were involved in the 
reduction of N and P from drainage water pumped 
through the reservoirs. 
5. Dissolved oxygen increased ln treated drainage 
water from the control and the series of 
reservolrs. 
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6. The bicarbonate and carbonate equilibrium in the 
series of reservoirs and control reservoir shifted 
to carbonate as carbon dioxide was reduced. 
7. Turbidity values were significantly reduced ln 
R-1 and the series of reservoirs as compared to 
the control. 
8. Standing crop ln the series and the large reser-
volrs were similar with an average of 11.6 mt/ha 
grown in R-1 and 11.2 mt/ha grown in the seri~s of 
reservoirs. The average biomass measured from the 
control was 1.1 mt/ha. 
9. Nitrogen retained in the reservoir systems during 
the study period was 1013 kg/ha, 730 kg/ha and 704 
kg/ha in the series of reservoirs, the large 
reservolr and the control reservoir, respectively. 
Phosphate retained in the reservoir systems was 
249 kg/ha, 211 kg/ha and 116 kg/ha in the series 
of reservoirs, the large reservolr and the control 
reservoir, respectively. 
In conclusion, the nutrient retention of the reservolr 
systems was not solely a function of the plant assimilation 
but the result of several balanced physical, chemical, and 
biological reactions inherent in both systems. The series 
of reservoirs was the most effective nutrient sink and the 
most easily maintained, i.e., containing the macrophytes 
into separated stands and harvesting. 
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Although both reservoir systems were effective nutrient 
sinks, shapes should be changed from square to long, shal-
low, rectangular plots of about 1.5 meters in depth because 
the longer reservoir will expose more plant matter to the 
drainage effluent for a greater length of time. 
The economics involved in maintenance and harvesting of 
aquatic angiosperms of the reservoirs needs to be offset by 
the conversion of the harvested plants i~to forage, fertili-
zers, or biogas production. The development cost for such 
reservolr systems would include: 1) capital cost of the 
land, the harvesting equipment, processing equipment and 
pumps, and 2) operational costs for fuel, labor, and maln-
tenance. The excavation costs of digging ponds would be 
about $2.00 per cu. yd. with land cost of about $20,000 per 
acre. The harvesting equipment would be about $10,000 
initially (screw pump, or recessed impeller pump) and $300 
per year energy cost. Labor cost could run as high as 
$50,000 per year (Stewart 1978). 
The harvested plants could be sold for $25/ton at 15 % 
moisture or used for producing methane on site. According 
to Wolverton et al. (1975), it can be predicted that 1,604 
pounds of methane would be produced weekly, which at $0.05 
per pound amounts to an annual recovery rate of $4,200. 
Cost for digesters and storage facilities for handling gas 
may amount to a $50,000 initial investment. 
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If the increased aesthetic value of a lake protected by 
such an aquatic plant system could significantly stimulate 
visitation and commercial activity within the watershed, it 
would prove to be of considerable economic benefit to those 
who reside there (Stewart 1978). 
Aquatic systems containing macrophyte material can turn 
undesirable nutrient pollution from industrial sources or 
domestic sources into usable products that can in turn 
increase food production and at the same time improve the 
water quality. 
APPENDIX A 
DATA USED FOR CALCULATING NUTRIENT BUDGETS 
FOR NITROGEN AND PHOSPHATE 
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Table A-1. Nitrogen budget for the series of reservoirs. 
Water Mean Concentration Total Concentration 
Pumped Net gain or Inflow Outflow Inflow Outflow loss•'• 
Date lxl06 mg/1 mg/1 kg/ha kg/ha kg/ha 
Jul 22.24 3.23 2.26 177.4 124.1 53.3 
Aug 23.09 3.77 3.32 215.0 189.3 25.7 
Sep 22.24 3.61 1.95 198.3 107.1 91.2 
Oct 22.24 2.36 1.64 129.6 90.0 39.6 
Nov 22.24 2.12 2.35 116.5 138.9 22.4 
Dec 22.24 5.50 3.07 302.1 168.6 133.5 
Jan 22.24 4.54 1.60 249.4 87.9 161.6 
Feb 20.51 3.52 1.16 178.3 58.9 119.4 
Mar 23.09 3.04 2.48 173.4 141.4 32.0 
Apr 21.38 1.36 2.75 71.4 145.2 - 73.8 
May 23.09 7.84 4.94 447.1 281.8 165.3 
Jun 22.24 5.68 4.09 312.0 224.6 87.4 
Jul 21.38 4.26 3.37 237.2 177.9 59.3 
Aug 23.09 6.64 3.96 378.7 225.8 152.9 
Total gain 1013.1 
Average monthly gain 72.4 
~"'A positive value indicates that nutrients were trapped by the impound-
ment and a negative value indicates nutrients lost from the impoundment. 
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Table A-2. Nitrogen budget for the large reservoir. 
Water Mean Concentration Total Concentration 
Pumped Net gain or Inflow Outflow Inflow Outflow loss•'• 
Date lxl06 mg/1 mg/1 kg/ha kg/ha kg/ha 
Jul 22.24 3.58 2.34 193.8 126.6 67.2 
Aug 23.09 3.45 2.93 193.9 164.6 29.3 
Sep 22.24 3.22 · 2.54 174.3 137.5 36.8 
Oct 22.24 2.12 2.34 114.7 126.6 - 11.9 
Nov 22.24 2.27 1.73 122.9 93.6 29.3 
Dec 22.24 5.07 3.09 274.4 167.2 107.2 
Jan 22.24 4.71 2.06 254.9 111.5 143.4 
Feb 20.51 8.72 2.44 436.9 121.8 314.8 
Mar 23.09 2.81 2.60 157.9 146.0 11.9 
Apr 21.38 2.73 3.51 158.7 182.6 - 23.9 
May 23.09 7.03 6.05 395.0 339.9 55.1 
Jun 22.24 6.39 5.63 345.8 334.7 41.1 
Jul 21.30 5.32 4.89 278.1 315.8 37.7 
Aug 23.09 4.37 5.93 245.6 333.2 - 87.6 
Total gain 750.4 
Average monthly gain 53.6 
•':A positive value indicates that nutrients were trapped by the impound-
ment and a negative value indicates nutrients 1opt from the impoundment. 
108 
Table A-3. Nitrogen budget for the control reservoir. 
Water Mean Concentration Total Concentration 
Pumped Net gain or Inflow Outflow Inflow Outflow loss•'• 
Date lxl06 mg/1 mg/1 kg/ha kg/ha kg/ha 
Jul 7.41 3.22 2.78 177.8 152.6 25.2 
Aug 7.70 3.77 2.90 215.0 164.9 50.1 
Sep 7.41 3.61 1.81 198.3 99.4 98.9 
Oct 7.41 2.36 2.00 129.6 109.8 19.8 
Nov 7.41 2.12 2.73 116.5 149.9 - 33.4 
Dec 7.41 5.50 3.64 302.1 199.9 102.2 
Jan 7.41 4.54 1.92 249.7 105.4 144.0 
Feb 6.84 3.52 1.60 178.3 81.1 97.2 
Mar 7.70 3.02 2.68 172.4 152.9 19.5 
Apr 7.13 1.36 3.86 71.4 203.9 132.5 
May 7.70 7.84 4.86 447.1 277.3 169.8 
Jun 7.41 5.68 4.76 312.0 261.4 50.6 
Jul 7.13 4.26 3.89 237.2 205.5 31.7 
Aug 7.70 6.64 5.56 378.9 317.3 61.6 
Total gain 704.7 
Average monthly gain 50.3 
•'•A positive value indicates that nutrients were trapped by the impound-
ment and a negative value indicates nutrients lost from the impoundment. 
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Table A-4. Phosphate budget for the series of reservoirs. 
Mean Concentration Total Concentration 
Water 
Pumped Net gaJ.n or Inflow Outflow Inflow Outflow loss•'• 
Date lxl06 mg/1 mg/1 kg/ha kg/ha kg/ha 
Jul 22.24 0.80 0.35 43.9 19.2 24.7 
Aug 23.09 0.29 0.06 16.5 3.4 13.1 
Sep 22.24 0.65 0.12 35.7 6.6 29.1 
Oct 22.24 0.31 0.02 17.0 1.1 15.9 
Nov 22.24 0.35 0.08 19.2 4.4 14.8 
Dec 22.24 0.77 0.36 42.3 19.8 22.5 
Jan 22.24 0.26 0.07 14.2 3.8 10.4 
Feb 20.51 0.33 0.09 16.7 4.6 12.1 
Mar 23.09 0.29 0.16 16.5 9.1 7.4 
Apr 21.38 0.22 0.11 11.6 5.8 5.8 
May 23.09 0.19 0.23 10.8 13.1 2.3 
Jun 22.24 0.30 0.03 16.5 1.6 14.8 
Jul 21.38 0.65 0.03 34.3 1.6 32.7 
Aug 23.09 1.00 0.16 57.0 9.1 47.9 
Total gain 249.2 
Average monthly gain 17.8 
'':A positive value indicates that nutrients were trapped by the impound-
ment and a negative value indicates nutrients lo'st from the impoundment. 
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Table A-5. Phosphate budget for the large reservoir. 
Water Mean Concentration Total Concentration 
Pumped Net gain or Inflow Outflow Inflow Outflow loss•'• 
Date lx10 6 mg/1 mg/1 kg/ha kg/ha kg/ha 
Jul 22.24 0.83 0.41 45.6 22.5 23.1 
Aug 32.09 0.41 0.07 23.4 4.0 19.4 
Sep 22.24 0.43 0.07 23.6 3.9 19.7 
Oct 22.24 0.30 0.17 16.5 9.3 7.2 
Nov 22.24 0.29 0.21 16.0 11.5 4.5 
Dec 22.24 1.67 0.44 91.7 24.2 67.5 
Jan 22.24 0.34 0.08 18.6 4.4 14.2 
Feb 20.51 0.32 0.27 16.2 13.7 2.5 
Mar 23.09 0.21 0.17 11.9 9.7 2.2 
Apr 21.38 0.30 0.14 38.6 7.4 31.2 
May 23.09 0.21 0.46 11.9 26.2 14.3 
Jun 22.24 0.38 0.06 20.9 3.3 17.6 
Jul 21.30 0.93 0.84 49.1 44.6 4.5 
Aug 23.09 0.24 0.03 14.3 1.7 12.6 
Total gain 211 . 9 
Average monthly gain 15.1 
•'f:A positive value indicates that nutrients were trapped by the impound-
ment and a negative value indicates nutrients lost from the impoundment. 
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Table A-6. Phosphate budget for the control reservoir. 
Water Mean Concentration Total Concentration 
Pumped Net gain or Inflow Outflow Inflow Outflow loss-.'; 
Date lxl06 mg/1 mg/1 kg/ha kg/ha kg/ha 
Jul 7.41 0.80 0.65 43.9 35.7 8.2 
Aug 7.70 0.29 0.12 16.5 6.8 4.7 
Sep 7.41 0.65 0.21 35.7 11.5 24.2 
Oct 7.41 0.31 0.20 17.0 11.0 6.0 
Nov 7.41 0.35 0.42 19.2 23.0 3.8 
Dec 7.41 0.77 0.87 42.3 47.8 5.5 
Jan 7.41 0.26 0.21 14.2 11.5 2.7 
Feb 6.84 0.33 0.15 16.7 7.6 9.1 
Mar 7.70 0.29 0.14 16.5 8.0 8.5 
Apr 7.13 0.22 0.18 11.6 9.5 2.1 
May 7.70 0.19 0.08 10.8 4.6 6.2 
Jun 7.41 0.30 0.05 16.5 2.7 13.8 
Jul 7.13 0.65 0.30 34.3 15.9 18.4 
Aug 7.70 1.00 0.70 57.0 39.9 17.1 
Total gain 116.7 
Average monthly gain 8.3 
~:A positive value indicates that nutrients were trapped by the impound-
ment and a negative value indicates nutrients lost from the impoundment. 
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